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Abstract
Locally available apricot (Prunus armeniaca L.) seed shell wastes were utilized for the preparation of an efficient dye biosorb-
ent. The as-prepared apricot seed shell powder (ASP) was thoroughly characterized using FTIR, SEM-EDX, XRD, BET 
surface area, and pHPZC measurements to elucidate its functional groups, as well as its surface texture morphology and charge. 
The effect of several process variables (such as contact time, biosorbent dosage, pH, temperature, and initial concentration) 
on the dye uptake capacity was also investigated. Based on the experimental finding, the following optimum process condi-
tions were established in the study: pH 2.0, 0.2 g/L adsorbent mass, 30 °C, and time of 120 min. The BET surface area, pore 
volume, and average pore size of the ASP were estimated as 97.493 m2/g, 0.0691 cm3/g, and 1.922 nm, respectively. The 
experimental equilibrium and kinetic data were properly described by the Temkin isotherm and pseudo-first-order kinetics 
model, respectively. Therefore, the effectiveness of ASP as an acid blue 193 dye biosorbent was established in the study.
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1  Introduction

Synthetic dyes are important raw materials of high demand 
in textile, paper and pulp, leather tanning, and food pro-
cessing industries. According to Sen et al. [1], about 7 × 
105 tones of different synthetic dyes are produced annually 
worldwide and the textile industry alone consumes more 
than 10,000 tons/year. Consequently, 1.0% of this total 
consumption by textile industries ends up as pollutants in 
the hydrosphere [2]. Asides from the textile industry, other 
process industries also contribute a substantive volume of 
dye contaminants into the aquatic environment, although 
the exact discharge data are unknown. These dye pollut-
ants generally impart undesirable colouration which limits 

the penetration of sunlight to the water body and further 
constitutes photochemical/biological incursion into the 
aquatic ecosystem [3]. Hence, their continued presence in 
the aquatic environment constitutes serious concern to envi-
ronmental scientists and demands attention.

In an attempt to address the issues of dye contamination, 
photocatalytic decomposition [4], chemical oxidation [5–7], 
and biological degradation [8] techniques have been studied 
with some noticeable limitations. For instance, due to dye’s 
resistance to oxidizing agents and aerobic digestion, the 
chemical oxidation and biological degradation techniques 
are respectively less efficient [9]. Similarly, photocatalytic 
decomposition is bedeviled by high operational costs cou-
pled with the difficulty of separating the dispersed photocat-
alysts after the treated stream [10]. However, the adsorption 
technique is considered a viable treatment option due to its 
process efficiency, design flexibility, and cost-effectiveness 
(due to the ready availability of agro-waste adsorbent pre-
cursors) [11–13]. Asides from their cheap availability, these 
agro-wastes consist mainly of cellulose, hemicelluloses, and 
lignin which provide relevant functional groups (such as 
hydroxyl, carboxyl, phenols, and methoxy) which are nec-
essary for efficient dye uptake [14, 15]. A wide range of agri-
cultural waste materials such as canola hullwood, sawdust, 
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peat, and coconut shells have been used in their natural form 
for adsorbing dye pollutants [16–18].

Apricot, Prunus armeniaca L., is a member of the 
Rosaceae plant family which is widely cultivated in North 
Africa, Asia, and Europe [19]. Notably, 60% of the global 
apricot fruit production originates from the countries in 
the Mediterranean basin. With an average production of 
16,333.5 tons per hectare, Egypt has the highest apricot har-
vest ratio [20]. Consequently, the huge volume of apricot 
shells generated during fruit and seed processing is either 
discarded as agricultural wastes, used as a raw material for 
activated carbon production [21], as small scale energy 
source [22], or as an organic additive for improving soil fer-
tility [23]. To further enhance its environmental usefulness, 
this agro-waste is applied as a low-cost dye adsorbent. The 
efficient adsorptions of Astrazone Black, textile dye Levafix 
Blue CA, and leather dye Brown VBR have been reported 
[24, 25]. Similarly, activated carbon adsorbents produced 
from apricot seed shells have been applied by Ammar et al. 
[26] and adhami et al. [27] for the adsorption of methylene 
blue dye. So far, the literature survey showed that unmodi-
fied apricot shells were exclusively applied for heavy metal 

biosorption [23, 28]. The use of apricot seed shell (ASP) as 
an adsorbent for the removal of anionic dyes has never been 
mentioned before in literature. Furthermore, the effects of 
different process variables on the dye uptake, adsorbents’ 
instrumental characteristics, adsorption modeling (kinetic 
and isotherm studies), and thermodynamics investigation 
were elucidated.

2 � Materials and methods

2.1 � Material collection and biosorbent preparation

The acid blue 193 dye was purchased from Synthesia Com-
pany, Czech Republic and was used as received. Table 1 
presents the dye structure, its maximum wavelength, and 
molecular weight. Other reagents used in the study: sodium 
hydroxide, sodium carbonate, nitric acid, HCl, ethyl alcohol, 
and acetone were all laboratory-grade chemicals (Merck, 
Germany). 

Apricot was purchased from a fruit shop in Cairo metrop-
olis, Egypt. The seeds were isolated and washed several 

Table 1   Properties of the acid 
blue 193 dye Properties

Molecular formula C40H22CrN4Na2O10S2

Maximum wavelength ~580 nm

Molecular weight (kg/mol) 880.7

CAS Number 12392-64-2

Structure
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times with hot water to get rid of adherent fruit residues, 
dust, and suspended matter. Afterwards, the seed shells were 
manually isolated using mortar, oven-dried for 5 h at 105 °C 
and then grind to fine particle size (~50–125 μm) to obtain 
the desired apricot seed shell adsorbent powder (ASP). The 
corresponding physical and chemical characteristics of this 
material are summarized in Table 2. The stages involved 
during the biosorbent preparation are presented in Scheme 1.

2.2 � Instrumental characterization procedures

2.2.1 � Fourier transform infrared spectroscopy (FTIR)

The pre-and post-adsorption FTIR spectra of the ASP sam-
ple were determined using Perkin–Elmer spectrophotometer 
from 4000 to 400 cm−1 using KBr discs containing ∼5–10 
mg of sample in ∼300 mg of KBr.

2.2.2 � Scanning electron microscopy (SEM) and energy 
dispersion X‑ray (EDX)

The SEM micrograph of the ASP sample was obtained (after 
overlaying the sample with a thin layer of gold using a diode 
sputter unit) on a scanning electron microscope (model 
JEOL-JSM-5600), at an accelerating voltage of 25.0 kV. 
Elemental analysis of the samples was obtained using an 
EDX spectrometer (Oxford Instruments 6587 EDX detector), 
attached to the JEOL-JSM-5600 unit used for SEM analysis.

2.2.3 � X‑ray diffraction (XRD)

The XRD patterns were obtained on a PANalytical diffrac-
tometer (X’Pert PRO) in continuous scanning mode using a 
Cu tube (in the reading range of 2 to 80°).

2.2.4 � Brunauer–Emmett–Teller (BET) surface area

The nitrogen gas adsorption-desorption method was adopted 
for the Brunauer–Emmett–Teller (BET) and Barrett, Joyner, 
and Halenda (BJH) surface area measurement. During the 
surface area measurement, the automated Belsorp Max sur-
face area analyzer operated at 77 K was used. Before the 
analyses, an accurate mass of the ASP sample was obtained 
and was further degassed for 2 h at 200 °C.

2.3 � Determination of the pH at zero charge (pHpzc)

A total of 100 ml of 0.01N NaCl solution was prepared and 
added to eleven (11) different Erlenmeyer flasks. The initial 
pH values of the flasks were respectively tuned (between pH 
2.0 and pH 12.0) using 0.01N NaCl solution. After the con-
stant value of pH initial had been reached, 0.1 g of adsorbent 
sample was added to each Erlenmeyer flask. The solution pH 
was measured after 24 h and noted as pHfinal. Then, a plot of 
the change in pH, ΔpH (pHfinal-pHinitial) against pHinitial was 
generated and the pHpzc of the ASP sample was marked off 
at the point where the ΔpH is zero.

2.4 � Batch adsorption studies

In an equilibrium experiment, 0.2 g of the ASP sample and 
100 ml of an aqueous dye solution of varying concentra-
tions: 10–100 mg/L, were placed in a 125 ml glass stoppered 
flask and stirred for 2 h using a shaking water bath operated 
at 200 rpm at 30 °C. Test samples were intermittently with-
drawn from the shaker, and the dye solution was separated 
from the adsorbent by centrifugation. Dye concentration in 
the supernatant solution was measured with a Shimadzu UV/
Visible Spectrophotometer at ~580 nm wavelength. A con-
centration calibration curve was constructed by plotting the 
absorbance versus the concentration of standard dye solu-
tions ranging from 0 to 100 mg/L. The equilibrium adsorp-
tion capacity, qe (mg/g), of the ASP sample was evaluated 
from Eq. (1).

For kinetic evaluation, test samples were intermittently 
withdrawn at 5 min intervals within a time range of 0–180 
min. The instantaneous adsorption capacity, qt (mg/g), of 
the ASP sample was evaluated from Eq. (2). All adsorption 
and kinetic experiments were carried out in duplicate and the 

Table 2   Physical and chemical 
characteristics of apricot seed 
shell powder

Parameters

Bulk density (g/cm3) 0.35
Porosity (%) 49.99
pH 2.0
pHPZC 7.3

Scheme  1   Schematic representation of the biosorbent preparation 
stages
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mean values of qe were reported. NB: All the terms in the 
equations are properly defined in the nomenclature.

2.5 � Adsorption isotherm and kinetic studies

Process modeling is an important aspect of any scientific 
study [29]. The adsorption isotherm study provides insight 
into the nature of the adsorbate-adsorbent interaction, while 
the kinetics study elucidates the time dependence of the 
adsorption system. In this study, the nonlinear isotherm and 
kinetics model whose equations are presented in Table 3 
were employed.

2.6 � Error analysis

To evaluate the correlation between the experimental data 
and model-predicted data, the average relative error (ARE), 
average percentage error (APE), sum squares error (ERRSQ/
SSE), hybrid fraction error function (hybrid), Marquardt’s 
percent standard deviation (MPSD), and nonlinear chi-
square test (χ2) were adopted. The mathematical equations 
of these error models and the equation of the coefficient 
of determination (R2) have been previously reported by the 
authors [30–32]. Using the error models, the different error 
values obtained for a given isotherm/kinetic model predic-
tion are further normalized following the procedure reported 
by Dubey et al. [33] and Hashem et al. [34]. Thus, the SNE 

(1)qe =

(

Co − Ce

)

∗ V

W

(2)qt =

(

Co − Ct

)

∗ V

W

value is a summation of the quotients obtained by dividing 
through the individual error values with the single largest 
error value for each isotherm/kinetics model. Consequently, 
the best fit model is determined based on the magnitude of 
its sum of normalized error values, SNE and the lower the 
SNE-value, and the better the model fitting to the experi-
mental data.

3 � Results and discussions

3.1 � Biosorbent sample characterization

3.1.1 � Fourier transform infrared spectroscopy (FTIR) 
analysis

The spectra of raw and spent ASP samples (Fig. 1) present 
numerous peaks which suggest the complex nature of its sur-
face chemistry. To limit the complexity and make for a better 
understanding, only the prominent peaks were identified and 
assigned to the relevant functional groups (Table 4). Inciden-
tally, both samples presented similar functional groups and 
their distinction was only reflected in the associated wave-
numbers. The slight difference between the pre-and post-
biosorption wavenumbers is a consequence of the adsorptive 
interaction between the anionic dye molecules and the ASP 
surface [28, 35]. The broad peak of –OH groups observed 
around 3300 cm−1 could have originated from the alcohols, 
phenols, and carboxylic acid content of the ASP [36]. The 
symmetric aliphatic (-CH2) stretching vibration and aromatic 
carbonyl/carboxyl group could have respectively originated 
from the organic acid and polyphenol content of the biosorb-
ent [37]. The alcoholic and carboxylic acid groups which 
confirm the presence of lignin are represented around 1027 
cm−1 [38]. Thus, the FTIR investigation informs of the pres-
ence of carboxyl and hydroxyl biopolymer groups which 
could donate proton for anionic dye molecules.

3.1.2 � Scanning electron microscopy‑energy dispersion 
x‑ray (SEM‑EDX) analysis

The SEM micrograph of the raw ASP (Fig. 2a) had a char-
acteristic irregular surface with extensive surface porosity. 
The numerous surface micropores confer the ASP biosorb-
ent with adequate morphology for dye biosorption. In the 
post-adsorption micrograph (Fig. 2b), these micropores 
were conspicuously absent and a bright surface layer of 
adsorbed dye was also observed. This development is due 
to the probable occupation of these micropores by the 
adsorbed dye molecules. The successful loading of the dye 
molecules onto the ASP sample was further confirmed by 
energy-dispersive X-ray (EDX) analysis (Fig. 3). Accord-
ingly, the presence of a chromium signal on the elemental 

Table 3   Nonlinear isotherm, kinetics, and mechanistic model equa-
tions

Equation Eq. no

Isotherm models
  Langmuir qe =

qmaxKLCe

1+KLCe

(3)

  Freundlich qe = KFC
1∕ n

e
(4)

  Temkin qe =
RT

bT
ln
(

KTCe

) (5)

  Dubinin–Radushkevich
qe = qD ∗ exp

{

−BD

[

RT
(

1 +
1

Ce

)]2
}

(6)

Kinetics model
  Pseudo-first-order qt = qe[1 −  exp (−K1t)] (7)
  Pseudo-second order qt =

K2. q2
e
. t

1+K2. qe . t

(8)

Mechanistic model
  Intraparticle diffusion qt = Kid

√

t + C (9)
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Fig. 1   The FTIR spectra of the 
raw and loaded ASP samples
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Table 4   The prominent peaks 
on pre-and post-biosorption 
ASP samples

Pre-adsorption values Post-adsorption values Assigned functional group

Wavenumber 
(cm−1)

Intensity (%) Wavenumber 
(cm−1)

Intensity (%)

3321.78 36.07 3334.32 64.28 –OH stretching vibrations
2922.59 41.11 2934.59 73.25 Asymmetric –CH2 stretching
1745.51 68.19 1728.66 86.45 –C=O stretching vibration
1233.25 67.54 1228.25 85.51 Symmetric C–H vibration
1027.87 41.44 1029.80 74.95 C–OH stretching vibration

Fig. 2   SEM image of a raw and 
b dye-loaded ASP  (a) (b)
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mapping spectra is a clear indication of successful dye 
uptake, since chromium is the prominent constituent of 
the acid blue 193 dye.

3.1.3 � X‑ray diffraction (XRD) analysis

The X-ray diffraction (XRD) facilitates understanding of the 
physical properties of different solids material and biosorb-
ents [39]. The pre-adsorption XRD pattern (Fig. 4a) showed 
two peaks: an intense broad peak at 22.71° (2θ) and another 
sharp peak at 44.70° (2θ). The observed broadening of the 
peak at 22.71° (2θ) is an indication of poor crystallinity 
[40]. After adsorption (Fig. 4b), the sharp peak previously 
observed in the raw ASP sample significantly diminished 
and left only a miniature trace at 44.65° (2θ). Hence, the cel-
lulose that is present in the ASP biosorbent existed mostly in 
amorphous and micro-fibrillated nature [41]. Consequently, 
a long range of amorphous/diffuse diffraction patterns was 
generally observed in both the pre-and post-adsorption sam-
ple. This could be a result of the high presence of amor-
phous hemicellulose, lignin, and other fibrous contents in 
the respective sample.

3.1.4 � Brunauer–Emmett–Teller (BET) analysis

The BET surface area and pore size distribution of the ASP 
sample were analyzed to determine their influence on the dye 

uptake. The surface area, pore volume, and pore radius were 
recorded as 97.493 m2/g, 0.0691 cm3/g, and 1.922 nm, respec-
tively. This surface area value indicates good porosity and was 
found to be larger than 1.3 m2/g, 5.36 m2/g, and 4.01 m2/g 
recorded for apricot seed shell [28], N. diderrichii seed [42] 
and M. oleifera seed [43], respectively. Furthermore, the aver-
age pore radius of the biosorbent is less than 2 nm and hence 
they fall within the microporous range following the IUPAC 
pore distribution classification [44, 45]. This conclusion we 
made regarding the pore radius corroborates the earlier pres-
ence of micropores observed from the SEM micrograph of the 
raw ASP (section 3.1.2).

3.1.5 � Point of zero charge (pHPZC) analysis

The extent of uptake of charged solutes like our anionic acid 
blue 193 dye is always a function of the point of zero charge 
(pHPZC) value of the biosorbent [46]. The pHPZC value refers to 
the pH at which the net surface charge of a given biosorbent is 
zero [12]. Thus, for enhanced electrostatic interaction, cationic 
solutes are better adsorbed when the solution pH is greater 
than the pHPZC value. Similarly, when the solution pH is less 
than the pHPZC value, uptake of anionic solutes is favored [47]. 
According to the plot shown in Fig. 5, the pHPZC of the ASP 
sample was experimentally determined as pH 7.3. This finding 
points to the fact that the biosorption of anionic acid blue 193 
dye will be favorable at acidic pH ranges (pH < pHPZC). The 

Fig. 3   SEM-EDX result for dye-
loaded ASP 

CrCr

Fig. 4   The XRD spectra of 
the a raw and b loaded ASP 
samples
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authenticity of such assertion was further tested during the 
study on the effect of solution pH on the dye uptake capacity.

3.2 � Effect of process variables on biosorption 
capacity

3.2.1 � Effect of pH

Solution pH is an important control variable during sol-
ute uptake. In this study, the effect of solution pH on 
the ASP biosorption capacity was investigated within 
the range of pH 2.0 to 10.0 at a constant 40 mg/L dye 

concentration using 0.2 g/L of biosorbent. The experi-
mental finding was processed, and the result is presented 
in Fig. 6. With due recourse to the pHPZC value for the 
ASP biosorbent earlier obtained and discussed in sec-
tion 3.1.5, an improved biosorbent-adsorbate electro-
static attraction and repulsion are expected to occur at 
pH < pH 7.3 and pH > pH 7.3, respectively. This asser-
tion explains the consistent increase in the biosorption 
capacity with every slightest increase in solution acidity. 
Thus, the maximum (26.47 mg/g) and minimum (10.0 
mg/g) dye uptake were achieved at pH 2.0 and 10.0. 
Therefore, electrostatic interaction is regarded as the 
possible mechanism in the study.

3.2.2 � Effect of temperature

The effect of temperature on the biosorption capacity was 
investigated and the experimental finding is presented in 
Fig. 7. Notably, there was a steep decrease in the uptake 
capacity with an initial 10 °C rise in temperature (from 
30 to 40 °C). A consistent decline in dye molecule uptake 
persisted with further temperature rise. This observa-
tion shows the occurrence of an exothermic process and 
indicates weak adsorptive (physisorption) interaction. 
Based on the foregoing, it is however believed that with 
an increase in temperature comes an increase in the dye 
molecules’ kinetic energy and a decrease in the boundary 
layer thickness [48]. As a result, the weak physisorption 
forces weaken and in line with Le-Chatelier’s principle, 
the desorption of the earlier adsorbed dye molecules is 
thus favored.

Fig. 5   pHpzc of ASP biosorbent
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3.2.3 � Effect of biosorbent dosage

The investigation was carried out at 40 mg/L initial dye con-
centration, pH 2.0, and varying ASP dosages (0.2 to 2.0 g/L). 
Based on the experimental finding presented in Fig. 8, the 
increase in the biosorbent dose led to a consistent decrease 
in the amount of dye adsorbed (qe, mg/g), Notably, the qe, 
mg/g value dropped from 25.29 mg/g (at 0.2 g/L) to 5.75 
mg/g (at 2.0 g/L). At 0.2 g/L, there is a higher coefficient 
of ASP biosorbent utilization such that the available surface 
active sites could reach their saturation point [49]. Also, the 
effect of adsorbate concentration flux on biosorbent is quite 
large at such a low dosage [50]. Conversely, at a higher dos-
age of 2.0 g/L, there is an increment in the number of avail-
able active sites which results in their progressive unsatu-
ration. Also, there is the possibility of agglomeration and 
clogging of ASP particles and this will further diminish the 

overall biosorbent surface area [51]. Similarly, observation 
was made in existing literature [52–54].

3.2.4 � Effect of contact time and initial dye concentration

The combined effects of contact time (0–240 min) and ini-
tial dye concentration (20 and 40 mg/L) on the biosorption 
capacity were investigated. The result of the experiment is 
presented in Fig. 9. The biosorption capacity was found to 
increase from 0 to 21.42 mg/g (at 20 mg/L concentration) 
and 0 to 34.41 mg/g (at 40 mg/L concentration) within the 
first 5 min of biosorption. After the first 5 min, the rate of 
biosorption capacity increase was slower but persistent for 
both initial dye concentrations until equilibrium was finally 
attained at 120 min. The initial rapid dye uptake experienced 
at the onset of biosorption is related to the high presence of 
unsaturated active sites which is synonymous with a high 
biosorbent utilization coefficient [11]. The observed decline 
in the uptake rate as the contact time extended followed by 
an eventual equilibration is a result of the continued occu-
pation of the available active sites until saturation. Further-
more, it was observed that the extent of dye uptake varies 
directly with the initial concentration. For instance, maxi-
mum dye uptake of 41.17 and 24.71 mg/g was respectively 
recorded at 20 mg/L and 40 mg/L initial concentrations. This 
observation is attributed to an increase in concentration gra-
dient experienced at a higher concentration which masks the 
effect of mass transfer resistance [55].

3.3 � Biosorption modeling

3.3.1 � Isotherm modeling

An efficient isotherm modeling provides insight into the 
capacity of a given biosorbent to adsorb a unit mass of a 
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solute at specified operating conditions. Consequently, 
the experimental equilibrium data were fitted to four (4) 
nonlinear isotherm models’ equations, namely the Lang-
muir (Eq.  3), Freundlich (Eq.  4), Temkin (Eq.  5), and 
Dubinin–Radushkevich (D–R) (Eq. 6) isotherms. Mean-
while, the associated model parameters, coefficient of 
determination (R2), and the sum of normalized error (SNE) 
values (section 2.6) are given in Table 5. Since the model 
parameters were iteratively generated via a nonlinear regres-
sion approach, the associated plots were very dispensable 
and hence, not supplied.

The Langmuir equation [56] considers monolayer cover-
age, the existence of sorption sites with uniform energy and 
no lateral between solutes bound to adjacent sites as its fun-
damental hypotheses. The Langmuir model has two dimen-
sionless constants: the RL and KL values. The RL values 
indicate the favorability (0 < RL < 1), unfavourability (RL > 1), 
linearity (RL = 1), or irreversibility (RL = 0) of a given system 
[57, 58]. Accordingly, the present sorption, with an RL value 
of 0.029, is considered favorable. Also, the KL value which 
is both positive and greater than unity shows an improved 
sorption affinity [59], as informed by the large qmax value of 
104.65 mg/g. The Freundlich equation is most applicable for 
interpreting sorption onto heterogeneous surfaces or surfaces 
with active sites of varying affinities [60, 61]. The favorabil-
ity and extent of biosorption affinity are elucidated from the 
magnitude of the nF (1 <nF < 10) and the KF (KF > 1) values. 
The nF and KF values of 1.86 and 7.53 respectively indicate 
a favorable process and improved adsorptive interaction [35, 
62]. Just like the Langmuir, the Temkin model postulates a 
monolayer adsorbate distribution but on heterogeneous sites 
with consistent binding energy distribution and biosorbent-
solute interaction [32, 63]. The model further assumes that 
the adsorption heat linearly depends on surface coverage. 
Thus, a positive Temkin (bT) value of 296.63 J/mol, which 
was far greater than unity, is indicative of a favorable pro-
cess. As an empirical model, the D-R model has no assump-
tions but the magnitude of its mean sorption energy E (kJ/
mol) parameter suggests whether the process is physisorp-
tion (E < 8 kJ/mol), physicochemical (8 <E < 16 kJ/mol) 
or chemisorption (E > 16 kJ/mol). The D-R mean sorption 
free energy (E) value of 144.33 kJ/mol obtained in the study 
suggests chemisorption [64] but this result may not be a true 

reflection of the nature of the system because the D-R model 
was not the model of best fit.

Consequently, the validity of the respective isotherm 
models was evaluated solely from the magnitude of the SNE 
value, since all the models showed high R2 values (R2> 0.9). 
It is therefore concluded that the Temkin model with the 
lowest SNE value of 1.151 gave the best model descrip-
tion. This suggests a monolayer solute distribution but on 
heterogeneous ASP sites with consistent binding energy and 
biosorbent-solute interaction [34, 65].

3.3.2 � Kinetics modeling

The kinetics study is necessary for evaluating the solute 
mass transfer rate and its associated mechanisms during the 
biosorption process [66]. Dedicated models are often applied 
for such investigation and in this study, the pseudo-first-order 
(PFO) and pseudo-second-order (PSO) kinetics models were 
applied. Our choice of kinetics model was informed by the 
fact that the PFO and PSO models have wide applications 
in studies involving liquid-solid interactions. Fundamentally, 
the PFO model assumes direct proportionality between the 
sorption rate and the difference between equilibrium (qe, 
mg/g) and instantaneous (qt, mg/g) biosorption capacities, 
while the PSO model assumes a second-order uptake rate 
to the available surface sites [67]. However, the relevant 
parameters for PFO and PSO models, their coefficient of 
determination, and error values as presented in Table 6 
were iteratively estimated using the SOLVER function of 
the Microsoft Excel v2016 software. Also, the generated 
model plots are presented in Fig. 10.

Based on the previous studies [68, 69], the prediction 
accuracy of the experimental qe, mg/g by the PFO model 
is always inferior to that of the PSO. According to qe, mg/g 
values obtained for both models at 20 and 40 mg/L initial 
concentrations (Table  6), the aforementioned assertion 
applied to our study. Furthermore, the reaction rate constants 

Table 5   Isotherm model parameters

Langmuir Freundlich Temkin Dubinin–Radushkevich

qmax = 104.65 nF = 1.86 AT = 8.44 qD = 63.99
kL = 3.03 KF = 7.53 bT = 296.63 BD = 2.40E-05
RL = 0.029 R2 = 0.996 R2 = 0.935 R2 = 0.984
R2 = 0.997 SNE = 1.391 SNE = 1.151 E = 144.33
SNE = 1.420 SNE = 1.262

Table 6   Kinetic and mechanistic model parameters

NB: q e, exp = 24.706 mg/g (for 20 mg/L) and 41.176 mg/g (for 40 
mg/L)

PFO PSO Intraparticle diffusion

20 mg/L
  qe = 22.94 qe = 23.90 kid = 0.24
  k1 = 0.549 k2 = 0.071 C = 20.92
  R2 = 0.997 R2 = 0.998 R2 = 0.999
  SNE = 2.122 SNE = 2.167

40 mg/L
  qe = 38.82 qe = 39.69 kid = 0.47
  k1 = 0.417 k2 = 0.019 C = 34.81
  R2 = 0.997 R2 = 0.998 R2 = 0.999
  SNE = 1.627 SNE = 1.673
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for both models (k1 and k2) generally decreased with increas-
ing initial dye concentration [70, 71]. Noting that the inverse 
of the respective rate constants (1/kn; n = 1 or 2) gives the 
time scale for equilibrium attainment during uptake, the sol-
ute uptake rate gets slower with an increase in initial dye 
concentration due to the ionic competition effect. Beyond the 
deductions made from the generated parameters, the models’ 
validity was further evaluated solely from the magnitude of 
the SNE value, since both models depicted high R2 values 
(R2 > 0.9) for all initial dye concentrations. Therefore, it 
could be concluded that the PFO model with the lowest SNE 
value of 2.122 (for 20 mg/L concentration) and 1.627 (for 
40 mg/L concentration) gave the best model description in 
both systems. This suggests predominant physisorption and 
further corroborates our findings from the study on the effect 
of temperature (section 3.2.4).

To ascertain the main solute mass transfer mechanism, 
the experimental kinetic data were modeled with the intra-
particle diffusion model. The associated linear plot of qt 
versus t1/2 obtained from the model is shown in Fig. 10. 
Consequently, model parameters (kid and C) together with 
the R2 values obtained at 20 and 40 mg/L initial concentra-
tions are presented in Table 6. The value of the intrapar-
ticle diffusion rate constant the kid

, was found to increase 
from 0.24 to 0.47 mg/g*min1/2 as the initial concentration 
increased from 20 to 40 mg/L. This observation is attrib-
uted to the increased adsorption driving force occasioned by 

the increase in dye concentration and further confirms the 
occurrence of improved intraparticle diffusion through ASP 
at increasing dye concentration. Similarly, the intercept, C, 
which represents the boundary layer effect also increased 
from 20.92 (at 20 mg/L concentration) to 34.81 (at 40 mg/L 
concentration). This finding signifies a greater contribution 
of interfacial/surface adsorption (with increasing adsorbate 
concentration) to the overall rate-limiting step.

3.4 � Comparison of adsorption capacities of various 
adsorbents towards acid blue dye

The maximum adsorption capacity for acid blue 193 ions 
onto ASP, according to the Langmuir isotherm model, was 
104.65 mg g−1. This relatively large adsorption capacity 
value is an indication of the strong affinity between the ASP 
and the acid blue 193 molecules as compared to the result of 
the previous studies which are shown in Table 7.

4 � Conclusion

Apricot seed shell powder (ASP) has been utilized as adsor-
bent material for the adsorption of acid blue 193 from con-
taminated water. The ability of ASP to adsorb aid blue 193 
was investigated by using the batch adsorption procedure. 
It was shown that the adsorption capacity of acid blue 193 

Fig. 10   Kinetics plots of PFO, 
PSO and intraparticle diffusion 
model at varying initial dye 
concentrations
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onto ASP was affected by adsorbent dose, pH, contact time, 
and dye concentration in the solution. The characteristics of 
the prepared biosorbent were extensively elucidated in line 
with the results obtained from the FTIR, SEM-EDX, XRD, 
surface area, and pHPZC examination. The adsorption equi-
librium data were analyzed using a suite of two-parameter 
(Langmuir, Freundlich and Temkin, Dubinin–Radushkevich) 
isotherm models, while the respective models’ goodness 
of fit was determined using the nonlinear error functions. 
Similarly, the adsorption kinetics data were analyzed using 
two kinetics models and one mechanistic model. However, 
the equilibrium and kinetics data were well described by 
the Temkin and pseudo-first-order models, respectively. 
This suggests monolayer solute physisorption distribution 
on heterogeneous ASP sites with consistent binding energy 
and biosorbent-solute interaction. Thus, ASP is an effective 
adsorbent for the removal of acid blue 193 from contami-
nated water. However, just like all low-cost biosorbents, 
much work is still required in the area of predicting their 
adsorptive performance and mechanism using real indus-
trial effluents at an industrial scale under specific operating 
conditions.

Nomenclature  Co: initial acid blue 193 dye concentration (mg L−1); 
Ce: equilibrium acid blue 193 dye concentration (mg L−1); W: mass of 
ASP used (g); V: volume of acid blue 193 dye solution (0.1 L); qD: D-R 
constant (mol g−1); BD: mean sorption free energy E (kJ mol−1) per 
molecule of sorbate; KT: Temkin equilibrium binding constant (L 
mol−1); bT: Temkin constant that is related to the adsorption heat (J 
mol−1); R: universal gas constant (8.314 J K−1 mol−1 ); T: temperature 
(K); qe: amount of adsorbate adsorbed per gram of adsorbent (mg g−1) 
at equilibrium; qt: amount of adsorbate adsorbed per gram of adsorbent 
(mg g−1) at an instant; KF: Freundlich isotherm constant [(mg g−1) (L/
mg)1/n]; nF: Freundlich adsorption intensity; KL: Langmuir constant 
(L g−1); RL: Langmuir’s dimensionless constant (separation factor); 
qmax: Langmuir maximum adsorption capacity (mg g−1); k1: pseudo-
first-order rate constant (min−1); k2: pseudo-second-order rate constant 
(g.mg−1 min−1); kT: Temkin initial adsorption rate (mg (g min) −1); 
bT: Temkin constant which is related to the extent of surface coverage 

(g mg −1); kid: intra-particle diffusion rate constant(mg g −1 min 1/2); 
t1/2: half-adsorption time, (g min −1 mg); α: initial adsorption rate (mg. 
g−1min−1); β: desorption constant (g.mg−1) during any experiment
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