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Abstract: This study deals with the valorization of a biomaterial, almond shell, for the treatment of
urban effluents of the city of Fez by a fixed bed column adsorption process. A parametric analysis of
the process is carried out with conditions such as particle size, pH and height of the adsorbent bed to
evaluate the optimal removal percent and obtain an optimal removal capacity of the adsorbent load.
Characterization of the adsorbent prior to continuous adsorption was carried out by X-ray diffraction,
Fourier-transform infrared spectrometry and scanning electron microscopy. The adsorption treatment
seems to be influenced by certain parameters, such as the particle size of the biomaterial used, the
height of the adsorption bed and the pH. The results suggest that this biomaterial can be used as a
less expensive, available, biodegradable and very effective adsorbent to eliminate the load of urban
waters on a small scale and why not on a large scale to replace chemicals in the treatment and to
recover waste such as almond shell. The parameters measured reached maximum values varying
between 82% for COD, 79% for EC and 71% for nitrite under well-defined operating conditions, with
a particle size of 0.063 mm, a height column height of 7 cm and a pH of 6.5.

Keywords: biomaterial; almond shell; urban effluents; adsorption; FTIR; XRD; SEM

1. Introduction

Pollution has increasingly become a crucial phenomenon, not only in Morocco but
internationally, causing serious consequences for human health, aquatic ecosystems and
animals [1].

In the context of the current situation, and compared to the pre-COVID-19 period,
recent research has shown a reduction in pollution of the atmosphere, the biosphere, the
hydrosphere and a clear improvement in the quality of a number of rivers. The main reason
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for this improvement is the decrease in industrial activity and the absence of effluents [2].
Most human activities that use water produce wastewater, and therefore, pollution levels
in the natural environment are increasing alarmingly [3], negatively affecting the ecological
balance, leading to serious problems and, subsequently, human health [2,4].

In this regard, the excessive demand for water in all areas allows for the production
and discharge of untreated wastewater, prompting scientists to devote increased efforts to
finding an approved conventional wastewater treatment method [5,6].

To face this situation of natural resources depletion and environment destruction, the
orientation to wastewater treatment has become an urgent necessity; the treatment of the
latter will constitute a benefit of advantage. On the one hand, it can be used as an additional
renewable and reliable source of fertilizer for agriculture since it is rich in nutrients such as
nitrogen and phosphorus; on the other hand, the treatment would alleviate the pressure on
the conventional resources [7].

Among the different processes for the treatment of loaded effluents, adsorption is an
effective and advantageous technique, which offers an economical solution by developing
available, biodegradable adsorbents at a much lower cost [8].

As part of an ecological strategy, this study focuses on the reuse of solid waste based on
almond shell. This biomaterial is known for its chemical composition rich in carbohydrate,
proteins and minerals [9,10].

Surprisingly, several studies have been conducted on the potential application of bio-
materials such as plant material, chitosan, eggshells and charcoal [2,11,12] in the treatment
of wastewater instead of using chemicals that have a harmful effect on the environment
and health [12].

The objective of this study is to test a new biomaterial for use in a continuous fixed-bed
column adsorption process for the treatment of liquid wastes loaded with difficult-to-
degrade organic matter. This study focuses on an experimental design that has been chosen
to minimize experiments, errors and save time and effort, based on statistical methods
that have recently received much attention in the field of environmental science and water
quality modeling [7].

2. Results and Discussion
2.1. Characterization of Almond Shell

Figure 1 shows four SEM microscopic images of the surface of almond bark powder at
different magnifications. The visualization of the internal microstructure shows a rather
rough and irregularly shaped matrix of different sizes with the important presence of
micropores and cracks well-distributed on the sample surface. This internal composition
may contribute to the exchange of pollutants with the cells, thus making the adsorption
mechanism more efficient [13].

Figure 2 shows that the chemical composition of almond bark used is constituted
mainly of C, O and K. whose mass percentage of these elements has known high values
compared to Al, Si and cl, which leads to the assumption that these elements make the
adsorption mechanism more active, and this was confirmed by studies elsewhere [14].

Figure 3 is a spectrum of the X-ray diffraction (XRD) analysis of the crystal structure
of almond bark, showing the intensity of the diffracted beam as a function of the detector
angle. This technique is based on the collection of diffracted beams from the material to be
analyzed. Examination of the spectrum shown in Figure 3 shows a diffraction peak of 20.92,
corresponding to quartz (S5iO,), and a peak at 33.14 corresponding to calcite (CaCOs3) [15].
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Figure 1. Scanning electron microscopy of almond bark at different magnifications: (a) x250,
(b) %1000, (c) x2000 and (d) x4000.
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Figure 2. The different elements present in almond shell.

Figure 4 shows the evolution of transmittance in % (fraction of transmitted intensity
to incident intensity) as a function of the wavenumber in cm~!. From the spectrum, the
intensity of the absorption peaks changes strongly. Each peak corresponds to a vibrational
energy from the light absorbed from the molecule, which, in turn, corresponds to a specific
chemical bond. Examination of the spectrum shown in Figure 2 shows a peak with a
transmittance of 0% and a wave number of approximately 1083 cm ~*; this peak corresponds
to a Si-O grouping [16]. The peaks located at 1411.49 cm~! and 866.61 cm™! certainly
correspond to calcite-specific CO3; the peak located at 3333 cm ! with a transmittance of
88% corresponds to an O-H grouping [14,15].
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Figure 3. Crystal structure of almond bark by XRD [16].
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Figure 4. Infrared analysis of almond shell.

2.2. Fixed Bed Column Adsorption
The responses of the Box-Behnken optimization are shown in Table 1.

200
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Table 1. Experimental matrix with measured responses.

Ord Essai Granulometry Height pH COOD RP EC RP (%) RP ljitrite

(um) (cm) (%) (%)
1 281.5 7 9.0 73 73 43
2 63.0 3 6.5 79 78 53
3 281.5 5 6.5 70 72 65
4 63.0 7 6.5 82 79 71
5 500.0 5 4.0 60 45 21
6 281.5 5 6.5 70 72 65
7 281.5 7 4.0 66 72 37
8 63.0 5 9.0 78 78 56
9 500.0 3 6.5 67 48 25
10 281.5 3 4.0 68 63 56
11 2815 5 6.5 70 72 65
12 500.0 7 6.5 73 54 25
13 500.0 5 9.0 70 52 15
14 2815 3 9.0 75 76 43
15 63.0 5 4.0 76 64 53

2.3. Effect of Almond Shell Particle Size on the Solution pH

The pH of the effluent is measured before the treatment indicates a value of 5.4. Once
this effluent has percolated through the adsorbent beds of the almond bark, an exponential
increase has been observed whose height is 7 cm, and the values found are 9 and 6.5 for the
281.5 and 63 pm fractions, respectively (Table 1). Based on this data, it can be clearly seen
that the pH of the raw effluent is acidic while the almond shell is basic. In fact, the value of
this parameter increases according to the grain size, which can be explained by an increase
in the degree of porosity, and this helps to eliminate some of the chemical elements that give
the effluent its acid character. Similar research conducted by Sithole and El Mouhri [2,11]
showed that the neutralization surface makes adsorption more efficient [11].

2.4. Effect of Almond Shell Particle Size on COD Reduction

Figure 5 shows the removal of organic contamination from the urban effluent in terms
of COD as a function of almond bark particle size. The COD of the raw effluent has a maxi-
mum value of 1068 mg/L, but after optimization, this value decreases continuously. For
the 0.500 mm fraction, the COD concentration was even higher with a value of 279 mg/L.
However, when moving from one bed to another, a decrease in this value was noted, and
the values found for the 0.281 and 0.063 mm fractions are 263 and 192 mg/L, respectively.
Indeed, these results demonstrate the ability of the adsorption system to reduce and remove
a significant amount of organic pollutants in the effluent with a removal percent of 82%
(Figure 6). A similar removal percent was achieved by G. El Mouhri et al. [2] in their work
on tannery adsorption by bottom ash.
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Figure 5. Parametric removal percent as a function of particle size (effluent pH = 6.5; tempera-
ture = 30 °C, particle size range between 63-500 um; bed height = 7 cm; flow rate 20 mL.min~1).
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Figure 6. Parametric removal percent as a function of height (effluent pH 6.5; temperature 30 °C;
height range 3-7 mm; particle size 7 cm; flow rate 20 mL/min~1).
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2.5. Effect of the Granulometry of Almond Shell on the Decrease of Electrical Conductivity

Figure 5 shows the electrical conductivity concentrations measured at the outlet of
each column. The values obtained are approximately 2100, 1079 and 983 us/cm for the
0.500, 0.281 and 0.063 mm fractions, respectively. From these results, it can be seen that the
mineral loading of the effluent gradually decreases as the particle size decreases, compared
to the value of the raw effluent. Therefore, we can conclude that fixed bed continuous
adsorption with downgrading contributes to the improvement of the effluent quality in
terms of electrical conductivity with a maximum abatement of about 79%. These results are
almost identical to those of S. Berrada et al. [17].

2.6. Effect of Particle Size on Nitrite Removal

Figure 5 clearly shows an increase in the nitrite removal percent when moving to
the smaller particle sizes. We obtained values of 24, 11 and 9 mg/L for the 0.500; 0.281
and 0.063 mm fractions. These results revealed compliance with the standards in force.
The values obtained are comparable to those presented by the literature studies that have
shown a positive effect of small particle sizes on treatment efficiency, resulting in a decrease
in the adsorbed volume [11].

2.7. Effect of Almond Shell Size on Effluent Absorbance

Figure 5 shows the absorbance of the effluent before treatment, which reaches an
excessive value of 4.973, and after percolation of the effluent through several beds of
different particle sizes, there is a sharp decrease of this value to 0.952 when the particle
size is equal to 0.063 mm. A progressive decrease of the absorbance percent is observed
when the effluent passes successively through the three adsorbent beds and the following
values are reached: 1.35 and 1.09 for the 0.500 and 0.281 mm fractions, respectively. The
granulometry of the different beds determines the sizes of the pollutants trapped in both
the interparticle and intraparticle spaces of the adsorbent matrix of each bed and allows for
the almost complete removal of macro- and micropollutants. We can state that the granular
fraction of the adsorbent is a limiting factor that needs to be optimized, so the removal
capacity of fine particles is greater than that of coarse particles. This can be explained by
the fact that fine particles have a large number of active sites related to the specific surface
area of the material in question, which favors the rate of exchange across a large surface
area [18,19]. Similar results found that a decrease in the granular size of the adsorbent had
a positive impact on the availability of active sites [20,21].

2.8. Effect of Height on Parametric Reduction

From the graphical presentation in Figure 6, we can clearly see a significant reduction
in pollutants with an increase in the height of the adsorbent bed to 7 cm and, therefore, an
improvement in the water quality. In order to obtain an efficiency close to 82% for COD,
79% for EC and 71% for nitrite, the same adsorbent with a height of 3 and 5 decreased the
removal percent less significantly, depending on the parameters measured. As the height
increases, the mass of the adsorbent increases, which improves the quality of the adsorption
due to the availability of active sites [22].

2.9. Continuous Adsorption Modelling Using the Experimental Design Technique
2.9.1. Box-Behnken and Statistical Analysis

This type of model is typically used in response surface methodology. The linear model
terms of A (pH), B (Granulometry) and C (height); the quadratic terms of A2 (pHxpH), B2
(Granulometry x Granulometry) and C? (height x height) and the interactive model terms
of AB (pHxGranulometry), AC (pH xheight) and BC((Granulometry xheight) show low
significant values less than 0.05 [23] (Tables 2—4), as well as nonsignificant values greater
than 0.05. Generally, the closer the coefficient of determination R? is to 1, the better the
predicted model fits [1]: R? = 94.93% for COD, R? = 98.99% for EC and R? = 96.21% for
nitrite. The empirical relationships expressed by a second-order polynomial equation that
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represents the behavior of the stoichiometric capacity of the column as a function of the
independent variables are presented below [21] (Equations (1)-(3)):

TA DCO (%) =83.3 +4.17 A — 0.0920 B — 6.11 C — 0.300 AA + 0.000060 BB + 0.594 CC + 0.00366 AB — 0.000 AC + 0.00172 BC 1
TA CE (%) =28.2 +11.89 A + 0.0584 B — 1.09 C — 0.480 AA — 0.000194 BB + 0.500 CC — 0.00320 AB — 0.600 AC + 0.00286 BC 2
TA Nitrite (%) = —57.4 + 24.51 A + 0.1711 B + 12.91 C — 2.200 AA — 0.000314 BB — 1.625 CC — 0.00412 AB + 0.950 AC — 0.01030 BC ~ (3)

Table 2. Regression of the response surface: COD RP (%) as a function of the particle size (um), height

(cm) and pH.

Source F-Value  p-Value Remarks

Model 10.39 0.009 Significant

pPH (A) 18.57 0.008 Significant

Granulometry (um) (B) 55.63 0.001 Significant
height (cm) © 0.69 0.445 Not significant
pH x pH (AA) 2.85 0.152 Not significant

Granulometry (mm) x Granulometry (mm) (BB) 6.71 0.049 Significant
height (cm) x height (cm) (CC) 4.58 0.085 Not significant
pH x Granulometry (mm) (AB) 3.52 0.120 Not significant
pH X height (cm) (AC) 0.00 1.000 Not significant
Granulometry (mm) X height (cm) (BC) 0.49 0.513 Not significant

Table 3. Regression of the response surface: EC RP (%) as a function of the grain size (um), height

(cm) and pH.

Source Value of F Value of p Remarks

Model 54.67 0.000 Significant

pH (A) 40.83 0.001 Significant

Granulometry (um) (B) 333.33 0.000 Significant
height (cm) (C) 5.63 0.064 Not Significant

pH x pH (AA) 8.86 0.031 Significant

Granulometry (mm) x Granulometry (mm) (BB) 84.25 0.000 Significant
height (cm) x height (cm) (CC) 3.94 0.104 Not Significant
pH x Granulometry (mm) (AB) 3.27 0.131 Not Significant

pH x height (cm) (AC) 9.60 0.027 Significant
Granulometry (mm) x height (cm) (BC) 1.67 0.253 Not Significant

2.9.2. Effects of Variables on the Parametric Reduction Percent

The mathematical model, which is based on the Box-Behnken methodology, made
it possible to determine the main individual and interactive effects of selected process
parameters with a minimum number of experiments.

In order to optimize the particle size, height and pH, the independent parameters, and
the interaction of each of the two parameters on the rate of organic load reduction, were
studied [23,24].
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Table 4. Regression of the response surface: TA Nitrite (%) as a function of the grain size, height (cm)

and pH.

Source Value of F Value of p Remarks

Model 14.11 0.005 Significant
pH (A) 0.36 0.574 Not Significant

Granulometry (um) (B) 77.95 0.000 Significant
height (cm) (C) 0.00 0.954 Not Significant

pH x pH (AA) 20.15 0.006 Significant

Granulometry (mm) x Granulometry (mm) (BB) 23.98 0.004 Significant
hauteur(cm) x height (cm) (CC) 4.50 0.087 Not Significant
pH x Granulometry (mm) (AB) 0.58 0.479 Not Significant
pH x height (cm) (AC) 2.60 0.167 Not Significant
Granulometry (mm) x height (cm) (BC) 2.34 0.187 Not Significant

The graphical presentations in Figures 5 and 6 illustrate the effects of the interactions
between grain size and height and pH.

The results show that the interactions between the adsorption capacity and the vari-
ables are important and very interesting. Thus, the rate of reduction appears to be greater,
with a percentage exceeding 80% when the particle size is reduced to 0.063 mm, but it
can be seen that the effect is masked if the height decreases and the particle size increases,
which can be attributed to the long residence time and the abundance of active sites
(Figures 7 and 8) [25].
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Figure 7. Surface diagram of EC RP (%), nitrite RP (%) and COD RP (%).
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Figure 8. Contour diagram showing the effects of pH, particle size and bed height.

From Figures 7 and 8, it appears that pH plays an important role in the removal
of organic load by adsorption, with significant percentage improvement observed when
the pH equals 6.5. This could be attributed to several mechanisms such as electrostatic
interactions, ion exchange and surface charge on carbon. The results are similar to those of
Naveen Dwivedi et al. [26]. The results found are similar to those of [27], who showed that
the removal percent of anionic and cationic dyes increases with increasing the adsorbent
bed height. The parametric study of the process allowed a better understanding of the
independent effect of each parameter on the adsorption capacity, and it was found that
the adsorption quality was favored by a small size of 63um, a height of 7 cm and pH
of 6.5. It contributed to the improvement of the physicochemical quality of the effluent
in terms of COD, EC, absorbance and nitrite with percentages of 80%, 75% and 70%,
respectively [16,28].

3. Materials and Methods
3.1. Materials

The urban wastewater used in this study was taken from five stations (Oued El
Mehraz de Sidi Brahim, Dokkarat, Oued Fes, Médina Fes and Ain Nokbi), the choice of
these sampling sites for the different water samples was made taking into account the
different industrial and craft activities. After the characterization of each station, and based
on the measured parameters, the most polluted station, that of Ain Nokbi, is chosen to
know the effectiveness of the almond shell [29].

Below is a map of the location of the study sites, which was made with QGIS software
(Table 5 and Figure 9). Some parameters were measured in the field, in situ (pH, electrical
conductivity, dissolved oxygen and temperature), to avoid the modification of the studied
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waters, while others were measured in the laboratory (COD, electrical conductivity and
absorbance). For this purpose, the samples must be kept in the dark and at a temperature of
4 °C in a refrigerator; for some parameters, they must be fixed, such as COD, where a few
drops of sulphuric acid were added, and for nitrites, hydrochloric acid was added [30,31].

Table 5. Geographical coordinates of the stations visited.

Stations Geographical Coordinates

Oued Elmehraz (Station 1) Y02°97/23" N X99°09'13" W
Dokkarat (Station 2) Y04°73'47" N X02°45'03" W
Oued Fes (Station 3) Y05°88'85" N X98°99'48" W
Medina Fes (Station 4) Y06°65'80" N X97°06'98" W
Ain Nokbi (Station 5) Y06°66'12" N X95°25'04" W

53°60°00” W 54°00'00” W 54°40'00” W

38°0000” N 38°40°00” N

37°60'00” N

53°6000” W 54°00'00” W 54°4000” W
Figure 9. Map of the sampling stations.

The adsorbent used is an almond shell, and this adsorbent was washed several times
with distilled water to eliminate any kind of adherent impurities until clear water was
obtained and the pH stabilized [10], then dried in an oven for 24 h at 110 °C to avoid
any alteration of the physicochemical properties of the materials and ground in a mill,
allowing a powder to be obtained with homogeneous grains of small size, generally less
than 2 mm; then, the particles obtained were mechanically isolated by means of a sieve
(Figures 10 and 11) where the mesh size corresponded to diameters of 0.063-0.281 and
0.5 mm [32]. The identification of the nature of different components present in our material
was carried out by Fourier-transform infrared spectroscopy (FTIR) (Oxford Instruments,
Abingdon-on-Thames, UK) [33], the observation of the surface topography of almond shell
particles was carried out by Scanning Electron Microscopy (SEM) (Oxford Instruments,
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Abingdon-on-Thames, UK) [2], and the determination of the crystalline structure of the
materials, as well as the identification of the crystallized phases present in a biomaterial
carried out by X-Ray Diffraction (XRD) (Malvern Panalytical, Malvern, UK) [34].

Almond fruit 4 kg
¥
Whole grain
) 4
Shelling
| Sep lr:tinn
P _IN
Barks Cores
v
Cleaning
¥
Drying
3
Crushing
¥
Almond bark
powder (1400 g)
¥
Sifting

Figure 10. The different stages of almond bark powder preparation.

i
(c)

Figure 11. Almond bark powder with different sizes: (a) 0.500 mm granulometry, (b) 0.281 mm
granulometry and (c) 0.063 mm granulometry.

3.2. Methods
3.2.1. Fixed Bed Column Adsorption Treatment

In this study, we used continuous fixed-bed adsorption as a treatment technique,
preceded by filtration using an experimental system consisting of a glass column with
an internal diameter of 3 cm and a height of 50 cm (Figure 12). The addition of the
almond shell powder was done with distilled water to release the air trapped between the
particles. The mass of this powder varied according to the height of the bed chosen, then
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a volume of 50 mL of effluent was poured for each test. In order to select the parameters
that ensure better continuous adsorption (granulometry, height of the bed), a colorimetric
kinetic study using a spectrophotometer (UV-Visible) (Oxford Instruments, Abingdon-on-
Thames, UK) was carried out with a wavelength (Amax) of 350 nm for the most polluted
station according to the characterization (Station 5) [15]. For this purpose, the effluent was
percolated continuously downstream through the column, after treatment it was collected
at predefined time intervals of 1 min. After the determination of the optimal granulometry,
the effect of the height of the filter bed was studied to determine which one offers a better
continuity of adsorption; for this purpose, the beds of bioadsorbents (powder of almond
peel) were varied according to different masses; for the height of 3 cm, we worked with a
mass of 6.22 g, 8.7 g for 5 cm and with 10.14 g for 7 cm. The particle size, height and pH
were modified to optimize the adsorption capacity of this biomaterial under well-defined
operating conditions with the adjustment of the flow rate of the effluent. The parameters
ensuring a better continuous adsorption were selected using a colorimetric kinetic study at
a wavelength (Amax) of 350 nm. Several parameters were measured at the outlet of each
column. These parameters measured were electrical conductivity, COD, absorbance, nitrite
(Table 6) and the experiment took between 2 and 3 h [2].

Peristaltic pump

‘5?

— R 1
Effluent

Effluent

e

||

Penizaltic pump

R
A -
i
spectrophotometer

Figure 12. Experimental device of the adsorption system on a fixed bed column [15].

Table 6. Measured parameters of station 5 and equipment used.

Parameters Values Methods
Absorbance 4.98 Spedrol:;};;:ﬁ?;?; g\é—;/gi(s)i(‘;ale, type
COD (mg of O, /L) 1068 COD meter type hanna HI839800
BODs (mg of O, /L) 260 BOD metre type OXITOP
pH 4.6 Multiparameter HANNA HI 9829
Nitrite (mg/L) 32 Sulphosalicylic acid method
Dissolved oxygen (mg of O, /L) 1.5 Multiparameter HANNA HI 9829
TSS (mg /L) 286 Filtration method with suction pump
Temperature (°C) 21 Multiparameter HANNA HI 9829

Electrical Conductivity (us/cm) 4600 Multiparameter HANNA HI 9829
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3.2.2. Optimization of Continuous Adsorption Using the Design of Experiments Technique

To model and analyze the continuous adsorption parameters, the response surface
design, in which the response is influenced by several variables, was used to provide a
mathematical model, though the Box-Behnken design, which relates the Y response to the
selected factors, was applied to predict the adsorption rate (Equation (4)):

Y = ap + Zan]' + Zajjsz + Zzaijij (4)

where Y is the predicted response for the adsorption rate (%), x; and x are coded inde-
pendent variables and ay, aj, ajj and aj are the intercept, linear effect, square effect and
interaction effect, respectively. The measured experimental responses and the responses
predicted by MINITAB 18 software with the number of experiments N = 15.

3.2.3. Fixed Bed Column Adsorption

To evaluate the effect of particle size on the treatment efficiency of plant 5, a Box-
Behnken optimization was carried out to simplify it by playing on several parameters such
as: pH, particle size and height (Table 7).

Table 7. Box-Behnken design variables.

Variables Values
pH 4 6.5 9
Granulometry (mm) 0.500 0.281 0.063
Hauteur (cm) 3 5 7

4. Conclusions

The valorization of solid wastes such as almond shell by the fixed bed continuous
adsorption process was the objective in this study, which focused on the optimization
of the operating performance by experimental design to better understand the effect of
each parameter, such as particle size, adsorbent bed height and pH, on the adsorption
capacity by taking into consideration the effluent withdrawal percent. It was found that
the adsorption quality was favored by a small particle size of 63 pm, a maximum height of
7 cm and a pH of 6.5 with a minimum flow percent of 10 mL/min. Continuous adsorption
with a descending granular fraction contributed to the analysis of the behavior of the urban
effluent with respect to the different fractions, it contributed to the improvement of the
physicochemical quality of the effluent.

The improvement of the physicochemical quality of the latter with very significant
reductions in terms of COD, electrical conductivity, nitrite and adsorption were eliminated
with percentages of 82%, 79%, 71% and 88%, respectively. The site development of the
mathematical model based on the Box-Behnken methodology allowed the determination
of the main individual effects and the interactive effects of the water, selected processes
with a minimum number of experiments.

During the treatment of effluents by adsorption, there were difficulties encountered,
such as clogging by the almond shell due to the granulometry.
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