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Abstract
Green synthesized cellulose nanocrystals (CNCs) was prepared using Neurospora intermedia, characterized, and used to 
remove Strontium ions (Sr2+) from an aqueous solution with high efficiency. The characterization of CNCs was performed 
using a UV-Vis Spectrophotometer, Dynamic Light Scattering (DLS), Zeta Potential (ZP), Fourier Transform Infrared 
Spectroscopy (FTIR), X-Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) mapping, EDX elemental 
analysis and BET surface analyzer. In this study, Response Surface Methodology (RSM) based on Box-Behnken Design 
(BBD) was successfully applied for the first time to optimize the dynamic adsorption conditions for the maximum removal 
of Sr2+ ions from aqueous solutions using CNCs as adsorbent. The effects of parameters, such as initial concentration 
of Sr2+ (50–500 ppm), adsorbent dosage (0.05–0.2 g/50ml), and contact time (15–120 min.) on removal efficiency were 
investigated. A mathematical model was studied to predict the removal performance. The significance and adequacy of 
the model were surveyed using the analysis of variance (ANOVA). The results showed that the second-order polynomial 
model is suitable for the prediction removal of Sr2+ with regression coefficient (R2 = 97.41%). The highest sorption capac-
ity value of Sr2+ was obtained (281.89 mg/g) at the adsorbent dosage of 0.05 g/50 ml, contact time of 120 min., and the 
pollutant (Sr2+) concentration of 275 ppm.

Keywords Strontium · Nanocellulose · Adsorption · RSM · Bioremediation · Optimization

Received: 18 February 2023 / Accepted: 22 May 2023 / Published online: 13 June 2023
© The Author(s) 2023

Experimental and Modeling Optimization of Strontium Adsorption on 
Microbial Nanocellulose, Eco-friendly Approach

Rofaida S. Abd Elkader1  · Mokhtar K. Mohamed2 · Yasmeen A. Hasanien3  · Eman M. Kandeel2

1 3

http://orcid.org/0000-0002-0449-5771
http://orcid.org/0000-0002-4368-4903
http://crossmark.crossref.org/dialog/?doi=10.1007/s10876-023-02454-3&domain=pdf&date_stamp=2023-6-12


R. S. Abd Elkader et al.

Introduction

The development of nuclear industries has led to the release 
of large amounts of radioactive wastewater into the environ-
ment. Radio-strontium is a significant radionuclide in the 
low-level radioactive waste from nuclear power reactors 
[1]. The seriousness of the strontium is that isotope 90Sr has 
a half-life of (28.8 years) and is a pure beta emitter with a 
0.546 MeV energy [2]. Because of its chemical resemblance 
to calcium (Ca), strontium (Sr) penetrates the human body 
and integrates into bones just like calcium does [3]. Leu-
kemia, bone sarcoma, and other long-term difficulties can 
result from the radioactive material 90Sr entering bone [4]. 
Both stable and radioactive Sr can be dissolved in water due 
to its high solubility [5, 6]. Most of the stable Sr input to 
rivers or groundwater is from the weathering of celestite-
rich limestone or rocks, while the radioactive Sr in the water 
usually originates from nuclear power plants or weapons 
factories [7, 8]. Moreover, due to inadequate strontium-
bearing waste treatment, a high Sr2+ concentration can be 
found in surface water, industrial wastewater, and seawater 
[9]. Therefore, it is crucial to remove Sr2+ from wastewater.

The remediation of Sr2+ from wastewater has been pro-
posed using traditional technologies, including reverse 
osmosis, electrodialysis, adsorption, flocculation, ultrafiltra-
tion, and chemical precipitation [10–13]. However, the most 
used technique is adsorption because of its high removal 
efficiency, design flexibility, and low cost [14, 15]. Adsorp-
tion is an accumulation process of a gas or liquid onto a 
solid phase called an adsorbent [16, 17]. Contaminants can 
adhere to the surface of an adsorbent using different physi-
cal forces [18].

Recently, nanocellulose has attracted attention due to 
its increased specific surface area, outstanding mechanical 
characteristics, and great biocompatibility [19, 20]. It has 
become a novel class of biobased adsorbent with prospec-
tive uses in environmental remediation against a wide range 
of contaminants because of its wide range of potential func-
tionalization, reactivity, processability, biodegradability, 
and reversibility [17, 21]. Interestingly, nanocellulose may 
adsorb 40 times its weight in substances, according to Jin, 
Kettunen [22]. Cellulose nanocrystals (CNCs) were utilized 
as adsorbents to remove many heavy metals, such as Cr 
(VI), Ni (II), and Cd (II), from an aqueous solution [23–25].

The physical and chemical properties of cellulose nano-
crystals can vary depending on the extraction method and 
the source of cellulose. Physical, chemical, or microbio-
logical processing was used to extract nanocellulose from 
their source materials [26]. An alternate method for produc-
ing nanocellulose that depends mainly on the principles of 
green chemistry is to utilize microbes instead of hazard-
ous chemicals for green/sustainable development. During 

synthesis, biomolecules like enzymes and proteins released 
by the microbial biomass may act as capping and reducing 
agents [27, 28].

Reviewing the literature revealed that no study, in which 
the efficiency of CNCs for the Sr2+ removal from waste-
water was investigated, was established. In this regard, the 
aim of this investigation was to extend the performance of 
microbial CNCs for Sr2+ removal from an aqueous solution. 
Therefore, it is essential to evaluate the effect of process 
variables on removal efficiency. The response surface meth-
odology (RSM) was employed to evaluate variables and the 
effect of their interaction and predict the optimum condition 
at a minimized number of experiments [29–31]. Therefore, 
the experimental and analytical methods using RSM were 
better developed than the one variable at a time method [32, 
33].

The novelty is focused on using myogenic CNCs as a 
green biosorbent for Sr2+ removal with high efficiency. The 
resulting CNCs were characterized to assess the characteris-
tic feature of the used biosorbent.

This study also intends to evaluate the effects of process 
variables, such as initial concentration, adsorbent dosage, 
and contact time, in order to identify the optimum condi-
tions of the Sr2+ removal process using the Box-Behnken 
Design (BBD). Furthermore, the statistical results and 
diagnostic checking test were assessed using the analysis 
of variance (ANOVA). Finally, CNCs were compared with 
other adsorbents to find out its efficiency.

Materials and Methods

Materials

Microcrystalline cellulose (MCC) with high purity, (20 
microne) from Sigma Alderich company, No. S3504.

Microbial Strains

The tested isolate was previously isolated using nylon net 
bag techniques, selected from 37 isolates for testing on 
cellulase enzyme production, identified at the AUMC in 
Assiut, Egypt, and sequenced. The recovered sequences 
were then deposited in Gen Bank with the accession num-
ber MZ724159 as in prior work performed by Helal, Khalil 
[34]. This isolate was identified as Neurospora intermedia 
(AUMC 14,359). With the help of Basic Local Alignment 
Search Tool (BLAST) algorithms, the sequence was com-
pared to other sequences in the Gen Bank database.
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Microbiological Media

Potato Dextrose Agar (PDA) [35] g/l: Potato slices, 250; 
Glucose, 20; Agar, 20. Czapek-Doxʼs agar medium was 
prepared according to Dox [36] with the following contents: 
(Sucrose 30.0); (NaNO3 2.0); (KH2PO4 1.0); (MgSO4.7H2O 
0.5); (KCl 0.5); (FeSO4.5H2O 0.001). The pH of the medium 
was adjusted to 7.0 by applying (0.1–2 N) HCl or NaOH.

Microbial Synthesis of CNCs Adsorbent

By inoculating a spore suspension (~ 3 × 105 spores/ml), 
a 24-hour inoculum of the fungus Neurospora intermedia 
(AUMC 14,359) strains was grown in potato dextrose broth. 
In a 250 ml conical flask at 25 or 30 °C with stirring, the 
ideal concentration (2.5%) of inoculum was introduced to 
Czapek-Dox Agar medium containing microcrystalline cel-
lulose (MCC) as the only carbon source (150 rpm). After 
fermentation, the broth was subjected to relatively different 
centrifugal forces to optimize the sedimentation of all par-
ticles larger than 1 μm in size [37–39].

Characterization of CNCs Adsorbent

UV-Vis Spectrophotometer

The prepared solution of the obtained CNCs was initially 
analyzed on a UV-Vis spectrophotometer. The absorbance 
of cellulose was measured from 190 to 800 nm using UV / 
Vis spectroscopy (JENWAY-UK- model 6850) at 220/110 
VAC, 50/60 Hz, 120 VA placed in the Chemical Depart-
ment/ Atomic Energy Authority.

DLS and ZP Analysis

The suspension of CNCs was prepared as described above 
using Neurospora intermedia from MCC. Approximately 
1.5 ml of filtrate containing CNCs was taken and placed 
in a glass tube in the refrigerator until analysis. To avoid 
agglomeration, the sample was subjected to sonication for 
15 min before analysis. Where the sonication involves the 
use of high-frequency sound waves to disperse the nanopar-
ticles in the solution [40].

The particle size distribution, polydispersity index and 
surface charge of the suspended CNCs were measured using 
(Zetasizer Nano-ZS, Malvern, UK) at Egyption Petroleum 
Research Institute (EPRI), EPIR-Nanotechnology Center. 
This instrument uses a design that allows both multi-angle 
particle size analysis using DLS and low-angle zeta poten-
tial analysis using electrophoretic light scattering (ELS) 
[41].

FTIR Analysis

The suspension of CNCs was made in the manner described 
above. As a control, fungal strains were cultivated on Potato 
Dextrose Broth (PDB) without substrate. Samples and con-
trol were incubated at 30 °C for 7 days. After the incubation 
period, it was filtrated with filter paper to prepare samples 
for FTIR analysis.

FTIR spectra were measured using (FTIR, IRAffinity-1 
spectrophotometer, Shimadzu, Japan) and recorded at 400–
4000 cm− 1 at the Egyptian Petroleum Research Institute, 
Nanotechnology Center.

XRD Analysis

Since CNCs that are suspended in liquid have a tendency to 
agglomerate, it is difficult to obtain optimal sample compo-
sitions for XRD analysis [42]. Therefore, for XRD analysis, 
the CNCs were prepared by drying the suspension contain-
ing the CNCs in a 45 °C oven for at least 48 h and scraping 
off the formed CNCs. X-Ray Diffraction (XRD) analysis 
was used to identify the size and crystal type of the pro-
duced CNCs (XRD-6000, Shimadzu Scientific Instruments, 
Japan). The CNCs were scanned between 2θ = 5° and 90° 
at a step rate of 0.2 s/step at 25 °C, λ = 0.1540 nm. The fol-
lowing equation was used to estimate the dried cellulose’s 
crystallinity index (CI) [43]:

CI (%) =
Acrystalline

Aamorphus +A crystalline
X100 (1)

Where: Acrystalline is the region under the sample curve, and 
Aamorphous is the region under the amorphous curve. Scher-
rer’s equation was used to determine the cellulose crystal 
size [44]:

Crystalsize (nm) =
kλ

βcosθ  (2)

Where: λ (X-ray wavelength) = 0.1540 A°, k is the (cor-
rection factor) = 0.91, θ = diffraction angle (radians), and 
β = full width at half maximum of peak (FWHM).

SEM-EDX Analysis

SEM analysis (SEM, ZEISS, EVO-MA10, Germany) was 
used to investigate surface morphology, boundary size and 
the distribution of the synthesized CNCs around the pre-
pared filtrate and the starting materials (MCC). To study 
the elemental composition, and the purity of elements 
founded in the synthesized materials, Energy Dispersive 
X-Ray (EDX), BRUKER, Nano GmbH, D-12,489, 410-M, 
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where qe is the amount of Sr2+ adsorbed by a unit mass of an 
adsorbent (mg g− 1), and C0 and Ce are the concentrations of 
Sr2+ ions in aqueous solution (mg) before and after adsorp-
tion, respectively. V and m are the volumes of solution (L) 
and dry weight (g) of CNCs adsorbent, respectively.

Experimental Design (RSM/BBD)

In contrast to traditional statistical analysis, the Design of 
Experiments (DOE) was used to identify the optimal val-
ues of experimental parameters and their interaction. The 
reduced experimental runs help DOE to save energy, time, 
and material use [26, 45]. A collection of mathematical 
and statistical tools called RSM was developed as a DOE 
method and was helpful for creating, enhancing, and opti-
mizing processes [46, 47]. As a subset of RSM, BBD was 
frequently utilized because of its various benefits over other 
techniques, including the ability to model and optimize fac-
tors quickly, simply, and with a minimal number of experi-
ments [48].

The maximum capacity for Sr2+ adsorption on CNCs 
adsorbent was evaluated using three levels for each of the 
three selected independent parameters, contact time (A), the 
initial concentration of Sr2+ (B), and adsorbent weight (C) 
according to (BBD). The lowest and highest levels of the 
variables were contact time 15 and 120 min, the initial con-
centration of Sr2+ 50 and 500 ppm, and adsorbent weight 
0.05 and 0.2 g illustrated in Table 1. A second order polyno-
mial equation was fitted to connect the relationship between 
the independent factors and the response (sorption capacity) 
in order to determine the optimal point. The following was 
the equation for the three variables:

Y = β0 + β1X1 + β2X2 + β3X3 + β12X1X2+

β13X1X3 + β23X2X3 + β11X12 + β22X22 + β33X32
 (5)

Where Y is the predicted response; β0 is the constant of 
model; X1, X2, and X3 are the independent variables; β1, 
β2, and β3 are the linear coefficients; β12, β13, and β23 are the 
crossproduct coefficients; and β11, β22, and β33 are the qua-
dratic coefficients. Regression analysis and graphical anal-
ysis were performed using Minitab 18. The coefficient of 
determination R2 described how well the polynomial model 
equation fit the data.

Results and Discussion

Characterization of CNCs

Nanocellulose was synthesized by Neurospora interme-
dia from microcrystalline cellulose (MCC) as cellulose 

Germany was conducted. Finally, the SEM/EDX mapping 
technique was used to assess the distribution of each ele-
ment by giving them distinct colors.

BET Analysis

Using a Quantachrome NOVA 4000e, measurements 
of adsorption and desorption were carried out (Quanta-
chrome Instruments, Boynton Beach, FL, USA). Nitrogen 
(77.350 K) was used as the test gas in a surface area and 
pore size analyzer. Before measurement, all samples under-
went a 24-hour vacuum degassing period at room tempera-
ture. The specific surface area from gas adsorption was 
calculated using the Brunauer-Emmett-Teller (BET) meth-
odology. The Barrett-Joyner-Halenda (BJH) model, applied 
to volumetric desorption isotherms, was used to estimate the 
pore-size distributions for each sample.

Strontium (Sr2+)adsorption studies.
Through aqueous solutions of Sr2+ ions, the adsorption 

capacity of CNCs for Sr2+ was examined. SrCl2 was dis-
solved in distilled water to create the standard solutions of 
Sr2+. The adsorption capacityMCC of CNCs for Sr2+ was 
investigated through aqueous solutions of strontium ions. 
The standard solutions of Sr2+ were formed in distilled 
water by dissolving SrCl2. Adsorption experimentations 
were carried out through batch technique at constant con-
ditions: (temperature 25 ± 3 °C, stirring rate 120 rpm, and 
pH 6 ± 0.5). The effects of adsorbent weight, initial Sr2+ 
concentration, and contact time on the removal efficiency of 
Sr2+ onto CNCs were optimized by RSM.

The desired concentration of Sr2+ and final volume (20 
ml) was prepared; then, the pH was adjusted at 6 ± 0.5 
before sterilization. After cooling, the desired weight of 
CNCs adsorbent was added. All flasks were incubated at 
optimum conditions. At the end of the incubation period, 
the adsorbent was discarded by filtration. The supernatant 
was collected and centrifuged to determine the adsorbed 
Sr2+ ions as follows:

Removalpercentage (R%) =
C0 - Ce

Ce
X100 (3)

Adsorptioncapacity (qe) =
(C0 - Ce)V

m
 (4)

Table 1 Studied variables with Box-Behnken design codes and levels
Variables symbol Coded and actual values Unit

-1 0 + 1
Contact time A 15 67.5 120 min.
Initial Sr2+ conc. B 50 275 500 g/L
Adsorbent (CNCs) wt. C 0.050 0.125 0.2 g
Conc. Concentration, wt. weight, min. minute, g gram
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that the absorption spectrum was observed at 275 nm for 
nanocellulose [53–55].

when the cellulose particle size is reduced of CNCs.
The average size and polydispersity index (PDI) of cellu-

lose nanoparticles were determined by Dynamic Light Scat-
tering (DLS). (Fig. 1b) shows the DLS graph of the CNC 
solution synthesized by Neuro intermedia fungus. The par-
ticle size distribution had average diameters of (55.04 nm) 
with a 97.4% number, and the size distribution profile was 
between 39 and 82 nm.

The polydispersity index (PDI), developed to define the 
level of non-uniformity in a nanoparticle size distribution, 
can also be used to detect the aggregation of nanoparticles 
[56]. This index, which is also called the heterogeneity 
index, is dimensionless, and its values fall between 0 and 
1, with 0 indicating a highly heterogeneous population and 
1 indicating a highly heterogeneous population [57]. It was, 
therefore, evident that the PDI value (0.61) for the synthe-
sized CNCs showed a mid-range uniformity of a particle size 
distribution; as this value approached 0, the size distribution 

substrates. The produced cellulose nanocrystals (CNCs) 
were recognized and described according to their character-
istic features as follows:

Optical Properties of CNCs

To characterize the optical properties of produced nanocel-
lulose, UV-Vis spectroscopy is a practical and widely used 
technique [49]. The UV-vis absorption spectrum of nano-
sized particles reveals peaks characteristic of the surface 
plasmon resonance [50]. The UV absorption spectrum from 
200 to 400 nm and the visible spectrum from 400 to 700 nm 
of the cellulose solution were measured. The corresponding 
results are shown in (Fig. 1a), which shows the absorption 
spectra at 270 nm for CNCs produced, which is a charac-
teristic band for cellulose. The present data agreed with 
those obtained by [51, 52], who concluded that the common 
absorption peak of cellulose was at 270 nm. This result is 
consistent with the line of previous studies, which indicated 

Fig. 1 Characterization of CNCs (a) UV-Vis spectroscopy, (b) DLS analysis, (c) Zeta potential

 

1 3

3151



R. S. Abd Elkader et al.

According to earlier research, these bands were connected 
to the anhydroglucopyranose unit’s deformation, wagging, 
and twisting behaviors [65]. In the nanocellulose FTIR 
curve, as compared to the linear FTIR spectrum, there were 
more peaks and a higher degree of spectrum resolution. 
There were some peaks between 600 cm− 1 and 1100 cm− 1 
and other peaks between 1350 cm− 1 and 1175 cm− 1, which 
showed that the nanocellulose contained sulfonates [66]. 
The efficacy of nanocellulose as an adsorbent is mostly due 
to the functionalization of the material, which is illustrated 
by the abundance of hydroxyl groups on its surface, espe-
cially when taken together with its higher adsorption capa-
bility [67].

Crystallography

Crystallography is the investigation of how atoms and mol-
ecules are arranged in crystallized solids. A variety of struc-
tural characteristics of crystalline samples are examined 
using the versatile technique of XRD [68]. XRD analysis 
for CNCs is presented in (Fig. 2b). The XRD pattern find-
ings showed that four different intense peaks were observed 
at the diffraction angle (2θ) = 15.5°, 22.5°, 24°, and 32°, in 
accordance with the nanocrystals of cellulose as reported by 
different studies [69–71]. The crystallinity index and crystal 
size of CNCs were 68.09% and 21.76 nm, respectively.

Surface Morphology and Elemental Analysis

Surface morphology and elemental analysis of the prepared 
CNCs, and the starting MCC are shown in Fig. 3. SEM is 
a recommended method for studying surface morphology, 
particularly the dimensional property. The signals that result 
from electron sample interactions provide details about the 
sample, such as its chemical composition and surface mor-
phology (texture) [72]. EDX spectroscopy was employed to 
analyze the elemental structure, and to validate the prepared 
samples [73]. It can be recognized from Fig. (3a) that the 
starting precursor MCC is present as an irregular shape with 
a hazy, leaf-like structure and is a bright particle when it is 
regularly in its pure form. EDX study was used to establish 
the basic structure of the established MCC, which exhibited 
the main absorption peaks of oxygen and carbon, which are 
the main elements in the MCC chemical structure. The lack 
of other elemental peaks and the massive quantity of MCC 
in the spectra validate the element purity, while Si atoms 
were found to be in traces during the handling of the sample 
exhibited in Fig. (3b). On the other hand, for the prepared 
CNCs, SEM imaging (Fig. 3c) confirms the formation of 
specific spheroid-shaped bright particles on the surface of 
the rough filtrate and explains the role of the filtrate in the 
synthetic way in addition to their role in the stabilization.

of the nanoparticles in the nanoparticle suspensions became 
more homogeneous [58]. When the cellulose particle size 
is reduced to the nanoscale, the resultant high specific area 
leads to an improved adsorption capacity [59, 60].

Surface Charge

A vital method for estimating the surface charge of nano-
crystals is the assessment of their zeta potential. This 
method can be used to evaluate the physical stability of 
nanosuspensions [57]. It is the charge that forms at a solid 
surface’s contact with its liquid medium; on the other hand, 
it predicts a colloidal dispersion’s long-term stability [61]. 
The data illustrated in (Fig. 1c) clarified that the average 
zeta potential value of CNC was − 22.6 mV, indicating their 
stability. Masruchin, Amanda [62] claimed that at a value of 
± 30 mV, the stable zeta potential for suspension in water 
was attained. Zeta potential levels served as a measure of 
the stability of NPs, with larger absolute values indicating 
more stable NPs [57].

Surface Bonding and Functional Groups

FTIR examination was applied to analyze surface bond-
ing and chemical functional groups present in the prepared 
sample. The FTIR analysis also investigated the difference 
between the synthesized CNCs and active metabolites from 
the cell-free filtrate of the tested isolates, N. intermedia.

(Fig. 2a) exhibits the FTIR spectra of the cell-free filtrate 
of N. intermedia and the produced CNC in the range 400–
4000 cm− 1. The peak at 3451.94 cm− 1 for CNC was associ-
ated with O-H stretching intramolecular hydrogen bonds for 
cellulose I. The same peak was observed in the spectra of 
nanocellulose whiskers, indicating that they both were cel-
lulose I [63]. Bands at 2922.75 cm− 1 for control, 2925.60, 
and 2853.28 cm− 1 for CNCs were assigned to C–H stretch-
ing vibration. The peak at 1641.19 cm− 1 was associated 
with cm− 1 C = C stretching, characteristic of NC [64]. Peaks 
at 1033 cm− 1 for control and 1167.74 and 1114.7 cm− 1 were 
assigned to medium C–N stretch of aliphatic amines. Addi-
tional bands appeared in the spectrum of the synthesized 
CNCs, possibly as a result of their conjugation. These bands 
(peak at 1641.19 cm-1 were assigned to the N-H bend of 1 
amine. The peak at 2428.04 and the peak at 2361.51 cm-1 
were associated with C = C conjugated, the peak at 2925.60 
and the peak at 2853.28 cm-1 were assigned to C-H stretch-
ing vibration), the characteristic band at 1383.73 cm− 1 
was associated to CH aliphatic bending group, the peaks 
at 1167.74 and 1114.7 cm− 1 were assigned to C–N stretch 
aliphatic amines, the peak at 833.13 cm− 1 was assigned to 
strong = C–H bend of alkenes, and the band at 618.09 cm− 1 
was associated with –C ≡ C–H: C–H bend in alkynes. 
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Elemental Mapping Analysis and Porosity 
Measurements

The elemental mappings of the starting material MCC are 
displayed in Fig. 4. All images are identified as C, O and 
Si for MCC. From this figure, it is obvious that C and O 
are equally distributed without the presence of any other 
foreign elements except for Si, which is taken from the 
handling process. Finally, the same situation exists for the 
synthesized CNCs (Fig. 5), which explains the distribution 

Finally, the EDX analysis of the prepared CNCs (Fig. 3d) 
exhibited specific absorption peaks of carbon and oxygen 
(the main elements in cellulose’s building body). Also, there 
are some elements like Na, Si, S, Cl, K, Ca, Mg, and N 
which are suggested to be the main elements present in the 
synthetic filtrate and the prepared medium.

Fig. 2 Characterization of CNCs 
a) FTIR spectra of the cell-free 
filtrate of N. intermedia and the 
synthesized CNCs, b) XRD pat-
tern of CNCs synthesized using 
N. intermedia
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process parameters on the removal percentage of Sr2+ 
onto CNCs.

(Table 2) reports the experimental design and the 
obtained results. Each experiment was carried out in 
accordance with the conditions listed in Table 2, and the 
sorption capacity was calculated. At a constant pH of 6, 
the sorption capacity ranged from 6.28 to 281.89 mg/g 
dry weight. At an adsorbent dosage of (0.050 g), a contact 
time of 120 min, and a Sr2+ concentration of 275 ppm, the 
greatest sorption capacity value was attained.

Analysis of Variance (ANOVA)

Through ANOA, the significance and adequacy of the 
models were evaluated [74]. The results for the ANOVA 
of the response surface quadratic analyses and model 
terms are summarized in Table 3. As can be seen, the 
model’s F value was 16.69, and the probability value 
of 0.008 (˂0.05) showed that this model was significant 

of elements that form the CNCs (C, and O) across the fil-
trate and describes the role of the filtrate in the synthetic 
approach through the presence of some elements (Na, S, Cl, 
K, Ca, Mg, and N) normally present in the constituents of 
the fungal filtrate and the media used.

N2 adsorption–desorption isotherm was used to analy-
sis the porosity and surface area of CNCs. The surface 
area was calculated to be 10.48 m2 g− 1.

The calculated pore size distribution showed that the 
average pore size was about 1.7174 nm. On the other hand, 
pore volume of the prepared CNCs was found to be 3.587 
e− 6 cm3 g− 1.

Experimental Design and Optimization

BBD, a statistical and mathematical technique useful for 
creating models, planning experiments, and examining 
the interactive effects of numerous independent param-
eters, was used to investigate the impact of sorption 

Fig. 3 Morphological behavior, purity, and elemental analysis for the synthesized CNCs, and the starting material MCC where, (a) SEM for MCC, 
(b) The corresponding EDX of MCC, (c) SEM for CNCs, and (d) The corresponding EDX of CNCs
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significant interacted effect on sorption capacity accord-
ing to T value results illustrated in Table 3; Fig. 4b. The 
second-order polynomial equation determined using the 
model regression analysis could be as the following:

SorptionCapacitymg/g dry wt = 136 + 0.36A + 0.670B−
2599C + 0.00695A2 − 0.000646B2 + 10, 229C2−
0.00001AB− 7.94AC− 1.36BC

 (6)

at the 95% confidence level [75]. The higher R2 value 
(0.9741) and adjusted R2 value (0.9157) showed that the 
quadratic models utilized were highly sufficient in pre-
dicting the responses. In addition, the lack of fit (0.006) 
was insignificant, suggesting that the model was adequate 
and that there was no need to add higher-order terms to 
the model under analysis [76].

By evaluating the interaction effect that exist between 
the selected variables, it was found that all of the 2-way 
interacted factors (AB, AC, BC), linear variable (C) and 
square variable (B2) represented a negative significant 
effect on the response while two linear variables (A, B) 
and two squared variables (A2, C2) revealed a positive 

Fig. 4 SEM/EDX mapping analysis for the starting material MCC
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Table 2 The Box-Behnken design results with actual and predicted data of Sr sorption capacity by microbial CNCs
Factors
Runs

Factors Response
contact time (min.) Sr2+ conc. (ppm) CNCs wt. (g) Sr2+ sorption capacity

mg g− 1 dry wt
Actual Predicted

1 15.0 50 0.125 11.27 13.28
2 120.0 50 0.125 11.53 18.57
3 15.0 500 0.125 58.63 51.58
4 120.0 500 0.125 58.29 82.84
5 15.0 275 0.050 156.25 149.59
6 120.0 275 0.050 281.89 243.63
7 15.0 275 0.200 30.96 69.21
8 120.0 275 0.200 31.61 38.27
9 67.5 50 0.050 58.27 89.48
10 67.5 500 0.050 186.33 200.02
11 67.5 50 0.200 6.28 7.41
12 67.5 500 0.200 42.39 11.17
13 67.5 275 0.125 48.66 48.49
14 67.5 275 0.125 48.32 48.49

Fig. 5 SEM/EDX mapping analysis for the synthesized CNCs

 

1 3

3156



Experimental and Modeling Optimization of Strontium Adsorption on Microbial Nanocellulose, Eco-friendly…

whereas the other components are not. The normal pareto 
in Fig. 6b illustrated the positive and negative effects of 
all variables on the response. While the estimated effect 
of an important factor will often be moved considerably 
off the zero-line, the estimated effect of an unimportant 
factor will typically be on or close to the near-zero line.

The Significance of Variables

The Pareto chart identifies the most critical factor in the 
removal process by indicating whether or not the factors 
are statistically significant. The reference line is indi-
cated by the perpendicular red dashed line in (Fig. 6a). 
The effects are statistically significant if they fall next 
to the reference line on the right. (Fig. 6a) shows that 
only the weight of the CNCs is statistically significant, 

Fig. 6 Graphical demonstrations for Sr2+ sorption capacity results obtained from the BBD. (a) Pareto chart showing the significance of effect for 
each tested variable. (b) Normal plot showing the positively and negatively affecting variables on sorption capacity

 

Source DF Adj SS Adj MS T 
value

F Value P 
Value

Model 9 5846.42 649.60 16.69 0.008
 Linear 3 5334.32 1778.11 45.68 0.001
  Contact time min. 1 179.46 179.46 1.09 4.61 0.098
  Sr2+ conc. ppm 1 4058.10 4058.10 2.24 104.26 0.001
  CNCs wt. g 1 1096.76 1096.76 − 4.96 28.18 0.006
 Square 3 40.00 13.33 0.34 0.797
 Contact time .*contact time . 1 4.95 4.95 0.84 0.13 0.739
  Sr2+ conc. *Sr2+ conc. 1 28.68 28.68 − 1.44 0.74 0.439
  CNCs wt.*CNCs wt. 1 0.33 0.33 2.53 0.01 0.931
 2-Way Interaction 3 472.10 157.37 4.04 0.105
  Contact time *Sr2+ conc. 1 1.42 1.42 − 0.01 0.04 0.858
  Contact time *CNCs wt. 1 263.90 263.90 − 1.53 6.78 0.060
  Sr conc. ppm*CNCs wt. 1 206.78 206.78 − 1.13 5.31 0.082
Error 4 155.69 38.92
 Lack-of-Fit 3 155.69 51.90 12813.82 0.006
 Pure Error 1 0.00 0.00
Total 13 6002.11

R2 = 97.41%, R2(adj) 91.57%

Table 3 Analysis of variance 
(ANOVA) of experimental data 
for Sr2+ adsorption

The analysis of variance 
(ANOVA) was applied at 95% 
confidence intervals; variables 
and models would be statistically 
considerable at levels of signifi-
cance, P value < 0.05. (-) T value 
indicates negative effect, (+) T 
value indicates positive effect
DF: degree of freedom, adj SS: 
adjusted sum of squares, adj 
MS: adjusted mean of squares, 
F Value: ratio of two variance, 
P Value: probability value, 
R2: determination coefficient, 
R2(adj): adjusted determination 
coefficient
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parameters for the variables as well as the point estimate 
and prediction range of the responses. (Fig. 8) shows 
response optimization plots of strontium sorption capac-
ity using CNCs. The objective of this study was to maxi-
mize the removal of Sr2+ and the sorption capacity. The 
response optimizer predicts that the maximum sorption 
capacity of Sr2+ for CNCs (266.8602 mg/g dry weight.) 
could be achieved with a desirability of 94.547% with the 
following conditions: contact time = 120 min, initial Sr2+ 
conc. = 463.636 ppm and CNCs weight = 0.050 g.

Three-dimensional and Two-dimensional Response 
Surface

The ideal points, the impact of each variable, and how 
they interacted during the optimization processes were 
all identified by surveying the 2D contour plots and 
3D surface [77, 78]. It gave the impression of a two-
dimensional picture by connecting all spots with simi-
lar responses to contour lines that produce constant 
responses. The plot consisted of three distinct compo-
nents: (a) predictors on the x- and y-axes, (b) a contour 
line connecting points with the same response, and (c) 
contour bands of the same color denoting ranges of the 
response variable. The link between different parameters 

Validation of Assumption

The graph of residuals and fit shown in (Fig. 7) could be 
used to confirm the distribution’s necessary assumptions, 
such as randomness and constant variance of residuals. 
The model adhered to the provided assumptions because 
the residuals were scattered with random locations on 
either side of the zero line and did not follow any dis-
cernible pattern.

The hypothesis that the residuals were independent of 
one another could be confirmed using the residual versus 
order plot for the strontium process shown in (Fig. 7d). 
The fact that the residuals in time order showed no pattern 
and fell randomly around the center line for both adsor-
bents suggested that they were unrelated to one another. 
The normal probability plot could be used to verify if the 
residuals were distributed normally. (Fig. 7a) shows the 
typical plot of the residuals for the removal of strontium 
using CNCs. The residuals displayed a nearly straight 
line, indicating that they met the normality assumption.

Optimization of Response

The optimization plot shows how various variables affect 
the expected results. It identifies the best predictive 

Fig. 7 Validation of assumption (a) Normal plots of residuals for Sr2+ sorption capacity (b) Residual vs. fit plots of Sr2+ sorption capacity (c) 
Histogram of residual (d) Residual vs. order plot of Sr2+ sorption capacity
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Fig. 9 Response surface plot for 
(A, a) interaction of initial Sr2+ 
concentration and CNCs weight, 
(B, b) interaction of Sr2+ concen-
tration and contact time and (C, 
c) interaction of CNCs weight 
and and contact time

 

Fig. 8 Response optimization 
plots of Sr2+ sorption capacity 
using microbial CNCs
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showed lower removal processes, which was undesirable, 
while the darker region indicated higher removal. Fig-
ure 7 (A, a) represents the interaction between the initial 
Sr2+ concentration and the CNC’s weight on the sorption 

(contact length, initial concentration, and CNCs weight) 
was used to remove strontium from wastewater, and the 
amount of strontium removed was indicated by the con-
tour plot in (Fig. 9a,b,c). The graph’s lighter sections 

Table 4 A comparison of maximum Sr2+ adsorption capacity of several adsorbents with CNCs
Adsorbent pH sorption capacity

mg g− 1 dry wt
References

Titanate nanofibers 7.0 55.20 (Wang et al. 2009)
Carboxymethylated cellulose 4.0 108.7 (Shawabkeh et al. 2002)
Composite magnetic nanoparticles 10.25 23 (Tu et al. 2016)
Carbon nanotubes 7.0 6.62 (Yavari et al. 2010)
Hydroxyapatite nanoparticles 7.0 50.47 (Borrok and Fein 2005)
Carboxymethylated chitosan 4.0 99.0 (Park et al. 2010)
Potassium tetratitanate whisker 6.0 104.2 (Jianlong 2002)
Nanocrystalline cellulose 5.0 266 This study
Borrok DM, Fein JB (2005) The impact of ionic strength on the adsorption of protons, Pb, Cd, and Sr onto the surfaces of Gram negative bac-
teria: testing non-electrostatic, diffuse, and triple-layer models. Journal of colloid and interface science 286:110–126
Jianlong W (2002) Biosorption of copper (II) by chemically modified biomass of Saccharomyces cerevisiae. Process Biochemistry 37:847–850
Park Y, Lee Y-C, Shin WS, Choi S-J (2010) Removal of cobalt, strontium and cesium from radioactive laundry wastewater by ammonium 
molybdophosphate–polyacrylonitrile (AMP–PAN). Chemical Engineering Journal 162:685–695
Shawabkeh RA, Rockstraw DA, Bhada RK (2002) Copper and strontium adsorption by a novel carbon material manufactured from pecan 
shells. Carbon 40:781–786
Tu Y-J, You C-F, Zhang Z, Duan Y, Fu J, Xu D (2016) Strontium removal in seawater by means of composite magnetic nanoparticles derived 
from industrial sludge. Water 8:357
Wang M, Xu L, Peng J, Zhai M, Li J, Wei G (2009) Adsorption and desorption of Sr (II) ions in the gels based on polysaccharide derivates. 
Journal of Hazardous Materials 171:820–826
Yavari R, Huang Y, Mostofizadeh A (2010) Sorption of strontium ions from aqueous solutions by oxidized multiwall carbon nanotubes. Journal 
of Radioanalytical and Nuclear Chemistry 285:703–710

Fig. 10 Various characteristics of nanocellulose related to adsorbent properties
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