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Abstract

Bottlenecks inherent in batch and column adsorption configurations have impeded the implementation of the adsorption
technique in large-scale wastewater treatment systems. This study mainly aimed to develop an innovative wastewater treat-
ment prototype that integrates inclined plate settlers (IPS) and composite adsorbent coating (CAC). The objective is to
enable the removal of Cd** from aqueous solutions in a continuous setup, thereby enhancing its practicality for large-scale
applications. The combined IPS-CAC system was optimized at various angle of inclination (), influent flow rate (Q) and
adsorbate initial concentration (C,) using the Box—Behnken Design (BBD) of the Response Surface Methodology (RSM).
At optimized operating parameters (9=45°, Q=5 ml/min and C;=1.87 mg/L) the IPS-CAC Cd** predicted (R*>=0.9926)
and experimental removal efficiencies were 75.8% and 69.7 +4.67%, respectively. The IPS-CAC breakthrough adsorption
capacity was 9.6 mg/g. Comparing IPS-CAC performance with a tank without plates and IPS with plain plates, the Cd**
removal efficiencies were 2.4 +£0.1% and 4.6 + 1.1%, respectively, confirming the synergistic effect of IPS and CAC. Addi-
tionally, breakthrough curves were acquired for various flow rates, cadmium influent concentrations, and plate inclination
angles. Only a 10% decline in the removal effectiveness (from 69.7 to 59.7%) of the CAC after three adsorption—regeneration
cycles was observed, indicating its stability for heavy metal removal. The results underpin the potential of using IPS-CAC
for industrial wastewater treatment and enhancing the use of adsorption on a larger scale.

Keywords Breakthrough curve - Inclination angle - Composite adsorbent coating - Inclined plate settler - Optimization -
Synergistic integration

Introduction

The discharge of substantial quantities of valuable heavy
metals, including cadmium into global wastewater systems
remains a pressing industrial concern. In industrial waste,
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cadmium can be found as a natural deposit, but it is exceed-
ingly hazardous as it tends to accumulate in the environ-
ment (Gupta et al. 2021). Cadmium serves as a key constitu-
ent in various industrial sectors, including plating, battery
manufacturing (specifically for cadmium—nickel batteries),
phosphate-based fertilizer manufacture, stabilizer formula-
tion, and alloy development (Demim et al. 2013). According
to Genchi et al. (2020) exposure to cadmium occurs through
a number of pathways including inhalation, smoking and
consumption of contaminated water and food. These expo-
sures have been linked to the development of chronic renal
failure, cancer, as well as bone demineralization and fra-
gility in both human and animal populations (Mahdi et al.
2021). Moreover, cadmium exposure has been associated
with several symptoms, including vitamin D deficiency,
respiratory-related ailments, and gastrointestinal disorders
that result in loss of red blood cells. These conditions can
impede the proper functioning of calcium in both human
and animal bodies (Filipi¢, 2012; Genchi et al. 2020). It is
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therefore imperative to eliminate cadmium from industrial
effluent prior to their introduction into aquatic environments,
as their detrimental impacts on human health have been
unequivocally demonstrated. The elimination of the cad-
mium is pivotal for protection of human health, preserving
environmental quality and supporting safe re-use of waste
water. Among the available wastewater treatment techniques,
adsorption is currently the most frequently utilized method
for water purification, because of its high pollutant removal
efficiency, simplicity and its potential to treat a large quan-
tity of water in semi-continuous system with acceptable
costs (Somma et al. 2021). Although activated carbon has
numerous advantages as an adsorbent for pollutant removal,
there are still certain gaps that impede its widespread use
in large-scale wastewater treatment including limitations in
its synthesis process, challenges in regeneration, difficulties
in recyclability, and limitations in selectivity toward con-
taminants (Gul et al. 2022). For easy phase separation, the
adsorbent material must be coated or immobilized onto a
substrate or supporting material.

Among the available primary water and wastewater
treatment technologies for highly turbid effluent are the
inclined plate settlers (IPS). These are high rate sedimenta-
tion devices consisting of a series of inclined parallel plates
forming channels (plate stack) into which turbid waters
can be fed for settling (Leung and Probsteln 1983). An
inclined plate settler (IPS) has a lower hydraulic retention
time (HRT) compared to a standard gravity settler, due to
its shorter settling distance. In this situation, the available
settling area depends on the total area of the plates projected
onto a horizontal surface (Hyun and Kang 2023).

The use of IPS for turbidity removal or as a pretreatment
for other treatment techniques is well documented in the
literature (Chintokoma et al. 2015; Clark et al. 2007a, 2007b;
Dorea et al. 2014; Elligson et al. 2014; Kasenene et al. 2021;
Kayhanian et al. 2001; Sarkar et al. 2007; Wisniewski 2014;
Zhang et al. 2020). Recently IpS has been used in combina-
tion with other water and wastewater treatment techniques
(Bo et al. 2015). For example, IPS has been used in com-
bination with constructed wetland (Kasenene et al. 2021),
electrocoagulation (Hu et al. 2022) and activated carbon
sponge tubes (Hyun and Kang 2023) for turbidity and fecal
coliform removal, oil removal and for the treatment of urban
stormwater runoff, respectively. However, all these recent
studies had the combinations of the techniques in series con-
figurations, i.e., one treatment technique after the other in
separate treatment units. The current study is unique as it
aims at integrating IPS and adsorption in one treatment unit
so as to decrease the treatment footprint. Hence, we postu-
late that the immobilization of activated carbon on inclined
plate setters will considerably decrease adsorbent leaching,
improve adsorbent recyclability, increase surface area for
adsorbent—adsorbate contact and consequently enhance the
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effectiveness of pollutant (i.e., Cd**) removal. Prosopis juli-
flora is selected in this study as a precursor for preparing
activated carbon because it is readily available and is con-
sidered an invasive species that is spreading rapidly in many
sub-Saharan countries including Ethiopia.

To the best of the authors knowledge, there has been no
prior reported work of a heavy metal removal system that
integrates IPS and adsorption. By leveraging the synergis-
tic effect of IPS and CAC, this combination may have the
following benefits: (a) enhancing the removal efficiency of
Cd>* by the synergistic effect of IPS and CAC (which means
removal of Cd** by adsorption and sedimentation) (b) reduc-
ing the footprint needed for individual adsorption apparatus
and settler under the same flow rate; and (c) enhancing the
potential of scaling up the system for large-scale wastewater
treatment. To this end, this work was aimed at developing an
innovative method for treating wastewater influent by com-
bining the strengths of both IPS and adsorption techniques.
The effects of angle of plate inclination (6,), influent flow
rate (Q) and adsorbate initial concentration (C;) on ca*t
percent removal efficiency (%) was studied by employing the
Box—Behnken Design (BBD) of the Response Surface Meth-
odology (RSM). The adsorption capacity (mg/g) of IPS-
CAC was explored by breakthrough curve analysis (BTCA).
Additionally, to compare the performances, the Cd** percent
removal efficiencies (%) of IPS-CAC was compared with IPS
with no plates (IPS-NP) and IPS with plain plates (IPS-PP).
Adsorption—desorption experiments were also conducted to
assess the regeneration potential of the CAC.

Materials and methods
Chemicals and materials

All chemicals utilized in this investigation were of analytical
grade and were employed without additional purification.
These chemicals included zinc chloride (ZnCl,), sodium
hydroxide (NaOH), cadmium chloride hydrate (CdCl,-H,0),
and hydrochloric acid (HCl) were purchased from Thomas
Baker Chemicals, Spectrum Chemical. Acrylic Polymer
Emulsion (APE) (Ecronova® RA 127) was supplied by
Mallard Creek Polymer. Plexiglass (3 mm thickness) was
sourced locally.

Preparation of activated carbon and composite
adsorbent coating (CAC)

The Prosopis juliflora wood material was used as the precur-
sor for preparing the activated carbon owing to its significant
porosity, large surface area, and copious sorption capacity.
The activated carbon was prepared using pyrolysis method
utilizing both chemical and thermal activation (Chintokoma
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et al. 2024a, b). In summary the dried biomass was impreg-
nated with a boiling solution of zinc chloride (ZnCl,) using
an impregnation ratio (IMPR) (mass of ZnCl, to mass of
dried Prosopis Juliflora) of 1:1.8 for 2 h and soaked in the
same ZnCl, solution for 24 h. After 24 h, the excess zinc
chloride solution was decanted off and the biomass was air-
dried after thorough washing with DI water. Subsequently
the material was placed in a muffle furnace, carbonized at
595 °C for 174 min to eliminate the volatile matter. The car-
bon was then thoroughly washed with DI water, oven dried
at 40 °C for 24 h, powdered and then activated in a muffle
furnace at 800 °C for a period of 120 min at 10 °C/min heat-
ing rate to develop the porosity and surface area. Finally, the
powdered activated carbon (PAC) was sieved through a 150
microns (um) mesh and stored in airtight plastic bags for
characterization and subsequent CAC preparation.

In an attempt to obtain a high surface area and a stable
surface for adsorption, a facile sol-gel method adapted from
(Azha and Ismail 2019) was used for the CAC preparation.
Activated carbon prepared from Prosopis juliflora wood
(PJAC), Cotton Cellulosic Fiber (CCF), APE and DI water,
were all used in CAC fabrication (Chintokoma et al. 2024a,
b).

The synthesis of the PJAC/APE-CCF (CAC) adsorbent
coating involved the blending of PTAC/APE/DI through mix-
ing 2 ml of APE and 4 ml of DI water with 0.25 g of the acti-
vated carbon prepared from Prosopis Juliflora wood (PJAC)
per 75cm? of CCF (i.e., 0.00333 g/cm?). The resulting slurry
was mixed with a magnetic agitator (Model RT Power) for
approximately 3 h to form a homogeneous solution. For
every 15 cmx 5 cm (75cm?) of CCF per given adsorbent
dosage, 2 ml and 4 ml of APE and deionized water were
used, respectively. For instance, in case of a 0.25 g CAC,
2 ml of APE and 4 ml of DI water were used per 0.25 g of
adsorbent on a 15 cm x5 cm (75 cm?) CCF. The amount of
coating was measured gravimetrically by Eq. 1.

WtCAC = WtAPJW/APE—CCF after drying — WtCCF before coating
ey
The CCF was placed on same sized' Plexiglass of thick-
ness 0.3 cm and then the slurry was applied on the CCF
attached to the IPS plate on both sides using a brush. The
prepared CAC-Plates were dried at 70 °C for 12 h. The dried
CAC plates were stored in airtight containers for use in fur-
ther IPS-adsorption tests.

! ie., the CCF had the same size as the plexiglass plate while just

leaving enough space, e.g.,<1 cm on both ends of the plate to allow
for plate insertion onto the IPS plate grooves.

Physicochemical properties analysis

The surface properties, including specific surface area and
pore volume, are crucial for the performance of adsorp-
tion materials. They influence how effectively a material
can capture and hold pollutants, as these properties dic-
tate the extent of mass transfer, which involves the move-
ment of adsorbate molecules onto the adsorbent surface.
In this regard, a CAC powdered sample was prepared for
both Brunauer-Emmet-Teller (BET) Surface Area (Sggr)
and particle size distribution (PSD) analysis. This involved
mixing a known amount of APE, DI water and adsorbate
(adsorbate dosage) for 180 min until a homogeneously
blend. Then the homogeneous mixture was subjected to dry-
ing for 7 h at 40 °C in a vacuum oven (Townson + Mercer)
under 300 mbar pressure. Subsequently, the desiccated mate-
rial was pulverized into a fine powder and sieved through a
150 pm mesh for Sgpr and PSD analyses.

The pore volume (cm?/g), surface area (m?/g), and pore
size (125.3 10\) were determined through the utilization of
the N, adsorption/desorption isotherm technique employing
the BET method. The N, adsorption/desorption isotherms
were obtained by conducting measurements at a temperature
of 77.279 K using a BET surface analyzer (Micromeritics
Instrument Flex Version 6.01).

Scanning Electron Microscopy (Hitachi TM 1000) was
used to analyze surface morphology of both PAC and CAC.
The elemental analysis of the CAC was performed using
Scanning Electron Microscopy-Energy Dispersive X-Ray
Analysis (SEM-EDX) (Hitachi TM 1000).

The alteration in the CAC’s functional group prior to
and following adsorption was examined by FTIR spec-
troscopy (PerkinElmer Spectrum 65) (spectral range;
4000 cm™'-400 cm™!). The pH Point of Zero Charge
(pHp,) was measured using a pH drift approach. In sum-
mary, 75 cm? (15 cm x5 cm) of CAC coated with 0.25 g
of adsorbent was each put in 10 flasks holding 80 mL of a
0.1 M NaCl solution but having ranges of pH values from
2 to 11. The pH adjustment was done using 0.1 M HCI and
0.1 M NaOH. The final pH values were measured and com-
pared to the initial pH values after 24 h of equilibrium time.
The pHp, was calculated by linear interpolation between
two neighboring data points whose linear connections
intersected with the bisector. The experiment was done in
duplicate.

Design of experiments (DoE)

The influence of angle of inclination (), influent flow
rate (Q) and adsorbate initial concentration (C;) on cd*t
removal from aqueous solution using IPS-CAC was stud-
ied by Box—-Behnken Design (BBD) of the Response
Surface Methodology (RSM). RSM is a collection of
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Table 1 Levels of independent variables and experimental range for
Cd>* IPS-CAC experiments

Factor  Variables Units Levels of the
coded variables
-1 0 +1
A Angle of inclination (6,) ° 45 60 75
B Influent flow rate (Q) ml/min 5 125 20
C Initial ion concentration (C;) mg/l 1 3 5

mathematical and statistical tools used for designing
experiments, modeling processes, analyzing independ-
ent variables and their interactions, and determining the
best parameter values to obtain desired results (Kaur et al.
2021). Equation 2 was used to code the independent vari-
ables. In comparison with other RSM techniques, such as
central composite design (CCD), BBD requires fewer runs.
Most importantly, it avoids analyzing extreme combina-
tions, such as the highest and lowest levels, which could
lead to unsatisfactory results.
X, — X,

Y= @
where X; denotes the dimensionless coded value of the of
ith variable, X, stands for the central variable value and AX
indicate the change in step. Parameters were coded with
three (3) levels: + 1, 0, and — 1, representing the high, center,
and low levels, respectively. The independent parameters
levels were based on values obtained from various litera-
ture as well as prior pilot experimentation are presented in
Table 1. The levels of the variable determined based on pre-
trial laboratory experiment.

The empirical second-order polynomial model (Khed-
mati et al. 2017) was used for fitting the experimental data.
The model terms are represented by Eq. 3.

Y=by+ Y bX+ Y biX+ Y bXX, 3)

Y corresponds to the variable response (Cd** removal).
The coefficients b, to by are constant values where by b is
the intercept, b, is the linear term, b;; is the quadratic term,
and by; is the interactive term. X; to X; are the independent
variables (such as Angle of inclination, Influent flow rate
and Initial ion concentration) as shown in Table 1. A series
of 15 experiments including three replications at the central
points were conducted in a continuous adsorption setup for
Cd** removal.

Cadmium IPS-CAC continuous experiments
and removal efficiency

The Standard 100 mg per liter of Cd>* solution was pre-
pared using the established protocol outlined in the APHA,
(2005) standard procedure. The required concentrations for
each experiment of the IPS-CAC were attained by progres-
sively diluting the original stock solution (varying from
1 to 5 mg/L). A pH meter (Eutech instruments PH 700
series) was used to measure and adjust the influent’s pH to
8.5 before and during the IPS-CAC experimentation. The
laboratory scale IPS system comprised of 3 mm thickness
Plexiglass fabricated IPS, a peristaltic pump, and the CAC
coated settler plates (Fig. 1). The design considerations in
the IPS-CAC system design are given as supplementary files
(Table S1).

For all the 15-IPS-CAC optimization experimentation,
the peristatic pump continuously transferred influent of dif-
ferent concentration from the feed tank through the inlet
to the IPS tank with varying plate inclination angles (6,))
at a controlled rate (Q). The influent from the inlet flow
into the bottom of the IPS, raising steadily through the CAC
coated plates and was finally discharged at the overflow weir
through the outlet into the effluent tank. The section and
the 3D isometric view of the IPS-CAC system drawn using
AutoCAD 2022 Version 24.1 (AC1032) are shown in Figs. 2
and 3, respectively.

Inductively Coupled Plasma—Optical Emission Spectrom-
etry (ICP-OES) (Agilent 5800) was employed to quantify

Fig.1 Schematic diagram
of laboratory scale IPS-CAC
experimental setup
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Fig.2 Section view of the 60°
angle inclined plate settler
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the concentration of adsorbate before and after adsorption
experiment, respectively. Equation 4 was used in calculating
the IPS-CAC Cd** removal efficiency (%).
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whereas E denotes Cd** removal efficiency (%), C; is the
initial Cd** concentration (mg L™!), and C, denotes the final
Cd** concentration (in mg L™1).

Breakthrough curve analysis and comparative
experiments

One goal of continuous or semi-continuous adsorption
experiments is to produce a breakthrough curve and compute
the maximum solid-phase concentration, which represents

the adsorbent's maximal adsorption capacity. Breakthrough
curves show how the pollutant concentration in the waste-
water changes over time, mainly in a column experimental
setup. They can be used to figure out how the continuous
sorption process works. The findings may be utilized to
develop and operate a full-scale treatment system. After
optimization of the operating parameters in the IPS-CAC
system, breakthrough experiments were conducted at the
optimized conditions for a 14-day (336 h) period.

The width and shape of the mass transfer zone are
determined by the adsorption isotherm, flow rate, mass
transfer rate to the particles, and diffusion in the pores
(Fernandez et al. 2023). Equation 5 can be used to estimate
the stoichiometric/breakthrough time.

Fig.3 3D isometric view of the
45° angle inclined plate settler
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tb=/m<l+ﬁ>dt (5)
0 Co

where C,, is the breakthrough concentration (mg/L), C, is
the influent concentration and ¢, is the breakthrough time
(hrs.).

Equation 5 for breakthrough time or any time t, which
represents the area above the curve between the limit t=0
to t=t, can be written as Eq. 6:

ty = /t <1 +%>dt ©6)
0 Cn

where ¢, is the saturation time (hrs.) and Cy is the saturation
concentration at time .

Using the breakthrough curve analysis results, the IPS-
CAC system overall breakthrough adsorption capacity, Qe,
(mg/g) of the CAC is calculated using Eqgs. 7 and 8.

_(FxCxtxD)
h m

C C
o-(8).-(9
CD final CO initial

where Qe denotes the IPS-CAC overall breakthrough Cd**
adsorption capacity (in mg/g), F' denotes the optimized influ-
ent flow rate (in L/min), C and C, are the breakthrough and
initial Cd** concentration (mg L™1), respectively, 7 is the
breakthrough time (in hours) D is the C/C, displacement and
m denotes the total mass of the CAC adsorbent dosage (in
grams). Using Eq. 7, the 7 was replaced with, ,,, exhaustion
time (in hours) and similarly the C was replaced with C,,,
the exhaustion concentration (in mg L"), to calculate the
IPS-CAC adsorption capacity at exhaustion/saturation (in
mg/g). In addition, breakthrough curves were obtained by
dynamic testing conducted in an [IPS-CAC system, where
the plate inclination angle, flow rates, and initial influent
concentration were each varied at a time; while, the other
factors were kept constant. The experiments were carried
out at same pH, same total adsorbent dosage and same pump
running time corresponding to same total volume of adsorb-
ate per experiment except only for those experiments with
varying flow rates. The total mass of adsorbent on CAC was
always 45.5 g with a total pump running time of 336 h and
adsorbate pH of 8.5. The IPS-CAC removal efficiency at the
optimized conditions was also compared with the removal
efficiency of a tank with no plates (IPS-NP) and IPS with
plain plates (IPS-PP).

Qe )

@ Springer

Desorption and regeneration potential of CAC

The assessment of adsorption—desorption equilibrium is a
key criterion for evaluating the full utilization of all active
sites on an adsorbent (Ray et al. 2020; Aktar 2021). Hence,
after the assessment of the IPS-CAC Cd** removal efficiency
(%) and overall CAC adsorption capacity (mg/g) under con-
tinuous setup, the feasibility of reutilizing the adsorbent was
as well examined using a batch adsorption configuration.
Batch adsorption—desorption experiments were conducted
with 5.34 mg/L adsorbate of pH of 8.5 and 70 mL of 0.1 M
HCL of pH 0.3 as the eluent. Spent CAC was each placed
in 70 mL desorption liquid in 250 mL flasks, which were
subsequently agitated at 20 °C and 200 rpm for 120 min.
The adsorption—desorption studies were conducted in tripli-
cates. The regenerated CAC was subjected to three cycles of
application in order to analyze its adsorption behavior (Saini
et al. 2019). After that, the supernatant was analyzed using
ICP-OES to detect the Cd** concentrations in the samples.
Equation 9 was used to calculate the Cd** quantity that was
desorbed (Q,.):

G xV
W,

L

Qde(mg/g) =

€))

where Q. is the Cd?* desorbed amount (mg/g), Vis the HCL
volume as desorption liquid (L), C; denotes the concentration
of Cd*" in the desorption supernatant (mg/L), and W, is the
CAC mass (g). On the other hand, Cd** desorbed percentage
(%) is calculated using Eq. 10:

Cd desorbed 100

Cd>*desorption(%) = (10)

dadsorbed
where Cdgegorpiion a1d Cd,ygsorpiion are the concentrations of
desorbed and adsorbed Cd**, respectively.

Model fitting and statistical analysis

Regression analysis and ANOVA were performed on the
experimental data using Design-Expert version 11 software.
The regression analysis aimed at determining the relation-
ship between the process variables and the Cd**" removal
as well as prediction of response variable for new sets of
input variables. The main objective of analysis of variance
(ANOVA) is to assess whether the independent variables
(Angle of Plate Inclination, Flow Rate and Initial Concentra-
tion), either individually or in combination, have an impact
on the dependent variables (Cd** Removal Efficiency). The
interactions between factors and their effect on the IPS-CAC
removal of Cd** were elucidated by the utilization of the
same software program, which also facilitated the develop-
ment of response surfaces as three-dimensional curves and
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two-dimensional contour plots. A measure of the amount
of variation around the mean explained by the model was
assessed using the R-square (R?). For comparing the source’s
mean square to the residual mean square and determine
model significant terms F and p values (95% confidence
level) were used, respectively. Microsoft Excel (Microsoft
Office 2016) and OriginPro (Student Version 2023) were
used for calculating the mean 24-h effluent concentration
and for plotting graphs, respectively. The breakthrough data
was analyzed in Excel and breakthrough graphs were also
plotted in the OriginPro software.

Results and discussion
CAC characterization
SEM, BET and FTIR analysis

The results of these physio-chemical properties have been
previously reported in Chintokoma, Chebude, Kassahun,
et al., (2024). Briefly the CAC SEM illustrates the porous,
rough surface resulting from the coated adsorbent, conse-
quently increasing the adsorbent capacity as compared with
the plain CCF and the BET surface area (Sggt) of the pre-
pared CAC was determined to be 10.6 m?g~!. The FTIR
analysis shows C—H, C=0, and O-H stretching which con-
firms the presence of a carboxylic acid and not an alcohol
(Smith 2011). Following the process of adsorption, the CAC
exhibits a nearly complete elimination of the peak heights
observed in the FTIR spectrum. The decrease in peak
strength seen in the FTIR spectra after Cd** adsorption indi-
cates the complete participation of functional groups in the
adsorption process. Furthermore, the absence of the peaks
indicates a prominent and specific adsorption of Cd** onto
the surface of the CAC. The reduction in the intensities of
the functional groups on the CAC may be attributed to the
bonding of Cd** with functional groups through the process
of oxidation—reduction (Singh et al. 2023).

pHpzc determination

The surface characteristic of the CAC in this investigation
was assessed using the Point of Zero Charge (pHp,), which
indicates the pH value at which the surface of the adsor-
bent becomes electrically neutral (Deng et al. 2009). As
shown in Fig. 4, the pHp, of the prepared CAC is slightly
acidic (i.e., a pHpy of 6). It was crucial to understand the
adsorbent's point of zero charge, because it affects the elec-
trostatic interactions occurring between the adsorbate and
CAC hence affecting the choice of the experimental pH.
For instance, negatively charged adsorbent surface foster
electrostatic interactions that facilitate the adsorption of

T T T T
24
" *
*¥
*
0 E i
T
=%
<
-1 4 *
*
_2_ ¥
*
* 4
_3_
*
-4
T T T T T
2 4 8 10 12

Initial pH

Fig.4 pHy, of the prepared 0.25 g dosage CAC

positively charged ions, such as Cd>*, when the solution
pH is higher than pHp, . However, as the pH of the solution
drops, the positively charged adsorbent surface facilitates
the adsorption of negatively charged ions (Renu et al. 2023).
The observed CAC point of zero charge also justifies the pH
of the influent that was used in the IPS-CAC optimization
experiments.

Evaluation of the IPS-CAC Cd** removal data
Regression model development and validation

The efficacy of a sedimentation tank relies on the physi-
cal characteristics of solids and water, as well as the flow
and geometric features of the tank (Sarkar et al. 2007). The
variables influencing IPS efficiency are tank volume (v,),
plate length (/,), plate surface area (A,), plate inclination
angle (6,), distance between plates (w,,), number of plates
(n1,), roughness of plates (¢g,), density of the particle (p,),
density of the water (p,,), size of particle (d,), flow rate (Q),
kinematic viscosity water (v,,), initial pollutant concentra-
tion (c;), acceleration due to gravity (g) (Sarkar et al. 2007).
Similarly for adsorption, operating parameters like pH,
adsorbent dosage, contact time, initial pollutant concentra-
tion, temperature and their interactions affect contaminants
removal efficiency from aqueous solutions (Amrutha et al.
2023). For this research, all other factors but plate inclina-
tion angle of (6,), flow velocity (Q), and initial pollutant
concentration (c;) (Table 1) were kept constant. Accord-
ingly, continuous IPS-CAC experiments were performed to
study the combined effect of both geometric (angle of plate
inclination) and operating factors (flow rate and initial pol-
lutant concentration) on the removal of Cd** from aqueous
media using composite adsorbent coating immobilized on

@ Springer
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Tabzlf 2 BBD showing actual Std. Run Angle of plate incli- Flow rate (Q) Initial concentration ~ IPS-CAC Cd**
Cd™ percent Femoval for ) nation (6.) (ml/min) (¢;) (mg/L) removal efficiency
IPS-(;AC at different operating P ! %)
conditions
7 1 45 12.5 5 14.8
13 2 60 12.5 3 45.7
1 3 45 5 3 50
6 4 75 12.5 1 354
4 5 75 20 3 56.5
15 6 60 12.5 3 423
12 7 60 20 5 25
8 45 12.5 1 36.3
9 75 12.5 5 9.5
14 10 60 12.5 3 395
10 11 60 20 1 46.8
12 75 5 3 304
3 13 45 20 3 23.7
14 60 5 1 62.5
11 15 60 5 5 35.1

a substrate in an inclined plate settler. The actual values of
the process variables and their variation limits were selected
based on data from preliminary studies and various literature
sources.

Cd** removal efficiency is calculated using Eq. 4. Table 2
presents the experimental findings, which shows the actual
Cd?* reduction by the IPS-CAC System under different com-
binations of operating conditions, i.e., angle of plate inclina-
tion, flow rate and influent concentration.

The actual and coded second-order polynomial equations
describing the IPS-CAC Cd** removal efficiencies are given
by Egs. 11 and 12, respectively:

Actual Cd** removal %
=83.17 + 1.97A + —15.83B + 11.39C + 0.17AB
+ —0.04AC + 0.09BC + —0.03A% + 0.19B? + —2.73C?
(11)
Coded Cd** removal %
=42.52+ —1.91A + —6.04B + —12.08C + 18.66AB

+—1.1AC + 1.4BC + —7.61A% + 10.79B? + —10.94C?
(12)
where A =angle of plate Inclination (°), B=flow Rate (ml/
min), C =influent concentration (mg/L).

Table 3 presents the p values and F values for assess-
ing the validity of the model prediction for IPS-CAC Cd>*
removal efficiency.

The model used for the IPS-CAC removal of Cd**
shows significant high F-value of 74.37 and a low p-value
of <0.0001. This observation suggests that there is a notable
influence on the response variable from at least one of the
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factors included in the model (Brereton 2019). Flow rate and
influent concentration were identified as highly significant
to the model, all showing low p values (p <0.05) (Table 3).
As shown in Table 3, the interaction of angle of plate incli-
nation and flow rate (AB) was also all found to be signifi-
cant (p <0.0001) for Cd** removal. Meanwhile, the square
terms of all terms (A2, B2, and C?) were all highly significant
(p<0.0001) to the Cd**removal. The obtained lack of fit
F-value of 0.099 for Cd** removal indicated that the lack of
fit is not significant to the model.

The model's comparatively high regression coefficient
(R?) of 0.9926 indicate the model’s capability of accurately
predicting the response. The model has also demonstrated
an adequate precision of 31.01, which indicate appropri-
ateness and adequacy to navigate the design space. There
is also a good agreement between predicted R? (0.9700)
and adjusted R? (0.9792) as their difference (0.0092) is
clearly less than 0.2. The factors added to modify the
model have improved the model because the adjusted R*
is more than the predicted R?. Hence, the response surface
model developed in this research for predicting both Cd**
removal efficiency from aqueous media using IPS-CAC
can be considered satisfactory.

Figure 5a shows the normal percentage probability
of residual against the normal plot of residuals for Cd**
removal. The figure has a nearly sigmoidal pattern and
forms a somewhat linear trend, indicating a strong cor-
relation between probability and normal reduction. This
confirms the assumption that the model is appropriate for
estimating the efficiency of Cd*" removal.

In contrast, Fig. 5b displays the predicted and actual
plots, which corroborate the correlation between the
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Table3 Regression analysi§ and Source Sum of squares df Mean square F-value p-value
ANOVA results for quadratic
model response surface for Cd**  podel 2932.10 9 32579 7437  <0.0001 Significant
by IPS-CAC A-Angle of Inclination (9,) 2542 1 2542 580 00610  Not significant
B-Flow rate (Q) 234.13 1 234.13 5345 0.0008 Significant
C-Influent concentration (¢;) 1166.88 1 1166.88 26638  <0.0001 Significant
AB 1088.93 1 1088.93 248.58  <0.0001 Significant
AC 4.80 1 4.80 1.10  0.3431 Not significant
BC 7.84 1 7.84 1.79  0.2386 Not significant
A? 1162.53 1 116253 265.38 <0.0001 Significant
B? 400.10 1 400.10 91.33  0.0002 Significant
C? 385.31 1 385.31 87.96  0.0002 Significant
Residual 21.90 5 4.38
Lack of fit 2.84 3 0.9451 0.0991 0.9534 Not significant
Pure error 19.07 2 9.53
Cor total 2954.00 14
R*=0.9926; adjusted R*=0.9762; predicted R*>=0.9700; adequate precision=31.0084
Normal Plot of Residuals Predicted vs. Actual
70 |
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Fig. 5 Normal probability plots (a) and plots for predicted against actual results (b) for Cd>* reduction by IPS-CAC

residual and expected Cd** removal. This implies that the
model is capable of accurately predicting outcomes within
the specified range of both the geometric factor and the
operational parameters. Therefore, it can be concluded
that the quadratic model of the response surface, which
was established in this work to describe the relationship
between the Cd** reduction and geometric factors and the
operational parameters, is the most appropriate for accu-
rately representing the experimental results of the inno-
vative IPS-CAC system. In contrast to the conventional

"one-parameter-at-a-time approach," which is widely
accepted, the use of RSM allows us to understand the
individual and interaction effects of the selected operat-
ing conditions more effectively. This method enables us
to obtain a maximum amount of complex information in a
minimal amount of experimental time.
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Cd**reduction

Combined influence of geometric and operating
conditions on IPS-CAC Cd** removal efficiency

Three-dimensional (3D) curves represent mathematical
functions or parametric equations in three-dimensional
space. They allow us to visualize how a curve evolves as
we vary one or more independent variables. On the other
hand, contour plots are a way to visualize three-dimensional
data on a two-dimensional plane. In the present study, the
3D surface response graphs of experimental data showing
interacting effect of IPS-CAC geometric and operating fac-
tors on Cd**reduction is shown in Fig. 6. Out of the three
combinations of geometric and process factors investigated
for their influence on Cd** removal using RSM, only one
interaction between the angle of plate inclination and flow
rate (AB) was determined to be significant (p <0.0001), as
already presented in Table 3 and discussed above.

Figure 6a shows that Cd** removal efficiency increases
with reducing both plate inclination angle of (6,) and flow

@ Springer

velocity (Q). The effect of flow rate to the IPS-CAC sys-
tem could be two- fold. First it relates to the CAC (adsorp-
tion) and secondly it relates to the IPS system. At low flow
rates, the adsorbate had longer residence time in the IPS unit
thereby increasing adsorbate-adsorbent contact time; hence,
a high Cd** removal was achieved. Conversely, high flow
rates reduce the residence or the contact time between the
adsorbate and adsorbent which lead to insufficient removal
of pollutants (Geleta et al. 2021). With increased angle of
inclination, the adsorbate-adsorbent contact may further be
minimal as the influent can move freely up the plates with-
out contacting the CAC on the IPS plates. Furthermore, an
increase in flow rate and an increase in angle of inclination
may result in the occurrence of short circuiting in the influ-
ent/adsorbate particle flow, causing an uneven distribution
of the flow to the plate bundle (Chintokoma et al. 2015).
Consequently, this would lead to a particular/affected CAC
getting saturated faster than the rest hence allowing adsorb-
ate to leave the treatment chamber up the collecting weir
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hence the low removal efficiencies at higher flow rates. Prior
research has also indicated that the hydraulic performance of
IPS decreases as the flow rate increases (Salem et al. 2011).

Table 3 and Fig. 6b, ¢ show that there is insignificant
interacting effect of initial Cd** concentration (¢;) and
inclination angle of (6,) (Fig. 6b) and that of initial ca*t
concentration (¢;) and flow velocity (Q) (Fig. 6¢) on cd*
removal by IPS-CAC system. Nevertheless, Fig. 6b, c indi-
cate that the IPS-CAC Cd** removal efficiency decreases
with an increase in initial Cd** concentration at any given
plate inclination angle or flow rate, respectively. At low
concentrations, metals are absorbed by specific sites. How-
ever, as the metal concentrations increase, the specific sites
become saturated and the exchange sites are filled (Mouni
et al. 2012). The adsorption capacity of a given amount of
adsorbent is constant, allowing for the adsorption of a finite
quantity of heavy metal ions. As the initial concentration
rises, the levels of heavy metal ions likewise progressively
rise. The heavy metal ions will gradually occupy the surface
adsorption sites and reach a state of saturation. The adsorp-
tion capacity of the adsorbent for heavy metal ions rises
per unit and eventually achieves an equilibrium condition.
Hence, given a certain adsorbent quality, higher initial con-
centrations result in decreased removal efficiency of heavy
metal ions (Li et al. 2022).

In reference to the findings as explained above, when an
inclined plate settler (IPS) is coated with a composite adsor-
bent, the settling and adsorption processes work together to
remove Cd>* more efficiently. The inclined plates increase
the contact time and surface area for the wastewater to inter-
act with the adsorbent; while, composite adsorbent materials
provide a higher capacity for cadmium capture. This syner-
gistic effect results in a more effective removal process than
either component could achieve alone.

Process optimization

The main objective of the optimization method was to
determine the most favorable values of variables for effec-
tively removing Cd** utilizing the IPS-CAC hybrid. This
was accomplished by employing a model generated from
empirical data. The operating parameters were selected
with the aim of maximizing the response (i.e., Cd>* removal
efficiency); while, the angle of inclination, flow rate and
influent concentration were all left at a range. Multiple sets
of experiments (42 in total) were suggested by the model
but the one with high removal efficiency was selected for
further verification as well as breakthrough curve and com-
parative studies. The optimized operating conditions (i.e.,
angle of inclination, §=45°; Flow rate, Q =5 ml/min and
influent concentration, C;=1.87 mg/L) predicted 75.8%
removal for Cd** with 0.76 desirability. Experimentally, the

same optimum operating conditions were able to achieve
66.9 +0.48% Cd>* removal efficiencies.

Breakthrough analysis study

The primary motivation for this study is the need to develop
a scalable prototype for wastewater treatment. In this context,
the use of mathematical modeling is crucial for the success-
ful implementation of upscaling methods. It facilitates the
transfer of knowledge from laboratory studies to pilot plants
and industrial scales. The mathematical modeling serves as
a powerful tool for analyzing and interpreting experimental
data, identifying key processes, predicting outcomes under
various operating conditions, and enhancing the overall
efficiency of the treatment process (de Franco et al. 2017).
Breakthrough occurs when the adsorbate reaches the end
of the system and exits with the system effluent (Gabel-
man 2017). The breakthrough curves were obtained from
the continuous 336-h IPS-CAC experimental results at the
optimized conditions. The graph illustrating the relationship
between adsorbate concentration and time is displayed in
Fig. 7 which show the breakthrough curves for the sorption
of Cd** on the immobilized CAC. The quantity of adsorbate
adsorbed at a specific moment is exactly proportional to the
surface area located above the breakthrough curve at that
moment bounded by C/C,=1 (Gabelman 2017); where C,
is the Cd** effluent concentration at time ¢, C, is the initial
of influent concentration. Where #, is the breakthrough time,
breakthrough was achieved when C,/C,=0.25. C,, and 1,
are the exhaustion/saturation concentration and time, respec-
tively, when C/Cy,=0.95, i.e., a point at which 95% of the
CAC was exhausted. Hence exhaustion time (#,,) was taken
at exhaustion concentration C,, when C/C, attained a value
of 0.95. The breakthrough data was effectively utilized to
determine the adsorption capacity at both breakthrough
(t,) (C/Cy=0.25) and exhaustion (¢,,) (C/C,=0.95) times.
Figure 7b shows that the breakthrough and saturation times
were 66.9 and 168.15 h, respectively. Using Eq. 7, the IPS-
CAC overall breakthrough adsorption capacity (g,) was
determined to be 6.17 mg/g; while, the IPS-CAC adsorption
capacity at exhaustion (q,.,) was calculated as 15.51 mg/g.
Experimentally, the optimized conditions yielded 74.3%
removal at zero hours of first effluent and an average Cd>*
removal efficiency of 69.7% over a 96-h period.

Adsorption dynamics

Figure 8 shows the breakthrough curves of Cd** adsorption
onto IPS-CAC at different plate inclination angles, initial
Cd?* concentrations and flow rates. Breakthrough time, is
defined as the time required to reach a specific breakthrough
outlet concentration (Dorado et al. 2014). As mentioned
already, the breakthrough time was reached when C/C,
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was equal to 0.25. Similarly, saturation or exhaustion time
was reached at C/C,=0.95. The total IPS-CAC adsorption
capacities at both breakthrough and saturation point were
obtained by numerical integration of the area above the
breakthrough curve up to C/C,=1 (Gémez-Avilés et al.
2022).

Figure 8a shows that the breakthrough time increases
with decreasing initial Cd** concentration meaning that
lower metal concentrations generates higher adsorption
zone lengths (Dorado et al. 2014) there by increasing the
adsorption capacity. Furthermore, it was observed that the
gradient of the breakthrough curves got steeper when the
initial Cd>* concentration was increased. Previous studies
have attributed this to the reaction zone progressing more
rapidly under higher metal concentrations (Antil et al. 2022;
Dorado et al. 2014). Approximately 120 h were required to
obtain the breakthrough point for the lowest 1 mg/L influent
compared to the 23.6 h and 3 h that was needed to reach the
breakthrough point for both the 3 mg/L and 5 mg/L influ-
ent, respectively. The breakthrough adsorption capacities
at different Cd** concentrations of 1, 3 and 5 mg/L were
5.93, 3.5 and 0.74 mg/g, respectively. The decline in adsorp-
tion capacity with increasing concentration observed at the
breakthrough point is attributed to the saturation of adsorp-
tion sites on the CAC. Consequently, the adsorbent's surface
reached saturation more rapidly at higher concentrations
(Patel 2020) leading to relatively lower adsorption capacity.

The effect of Cd** removal by IPS-CAC on varying flow
rates were studied at 5, 12.5, and 20 ml/min; while, ini-
tial influent concentration and plate inclination angle were
kept constant at 1.89 mg/L and 45°, respectively. Both the
breakthrough time and adsorption capacity decreased with
an increase in flow rate (Fig. 8b). The breakthrough time
were 118, 36, and 15.5 h corresponding to breakthrough
adsorption capacities of 5.84, 4.45, and 3.07 mg/g for the 5,
12.5 and 20 ml/min flow rates, respectively. High flow rate
reduces the residence time and contact time between the
adsorbate and adsorbent leading to reduced breakthrough
time relatively adsorption capacities (Geleta et al. 2021;
Ledesma et al. 2023; Mondal et al. 2018). The observed
variations in the adsorption capacity and the breakthrough
curve's steepness with varying flow rates may be explained
by the basic principles of mass transfer (Tosun 2019). Higher
flow rates minimize the resistance to mass transfer caused
by external coating at the adsorbent's surface, resulting in a
faster rate of mass transfer and a decreased residence time
(Fernandez et al. 2023).

Finally, it can be seen from Fig. 8c how the breakthrough
time does not vary significantly with the angle of plate incli-
nation. This observation agrees well with the results of the
ANOVA results of the optimization experiments in Table 3
showing the insignificant (p=0.05) effect of IPC-CAC plate
inclination angle on Cd** removal. The breakthrough time
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Fig.9 Optimized conditions breakthrough curve analysis results of
the IPS-CAC system

of the 45°, 60° and 60° IPS were 100, 80 and 60 h respec-
tively corresponding to adsorption capacities of 4.95, 3.96
and 2.97 mg/g, respectively.

3.7 Comparative experiments

After optimization of the IPS-CAC geometric and process
factors, the IPS-CAC removal efficiency at the optimized
conditions was also compared with the removal efficiencies
of IPS with plain plates (IPS-PP) and a tank with no plates
(IPS-NP). Figure 9 presents results of the comparison of the
percentage removal of Cd** by IPS-CAC, IPS-NP and IPS-
PP, respectively. Vividly, there is a significant (p <0.05) dif-
ference in removal efficiencies with IPS-CAC having higher
removal efficiency (66.9%) compared to IPS-PP (4.6%) and
IPS-NP (2.4%). Clearly the comparative experiment results
confirm that that the higher IPS-CAC system removal of
Cd** from the wastewater was achieved due to the synergis-
tic effect of IPS and CAC. As explained above, the CA-IPS
system not only improve Cd** removal efficiency but also
enhances the scalability for large-scale applications.

CAC regeneration studies and re-usability potential

The efficacy of a particular biomass being as adsorbent
depends not only on its adsorption capability, but also on
its ease of regeneration and recycling (Younas et al. 2021).
The ability of the adsorbent to regenerate and be recycled
is another important component of the adsorption process
(Aktar 2021). The CAC was mainly synthesized to over-
come the challenges associated with leaching of adsorbents
during regeneration (Azha et al. 2017; Shamsudin and Sha-
hadat 2019). The Cd** desorption amount, Qo> (mg/g) and
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desorption percentage (%) of CAC calculated using Egs. 9
and 10, respectively. Figure 10 show that the adsorption
capacity of CAC decreased only slightly after each adsorp-
tion—regeneration cycle.

The regeneration study shows that the CAC lost just about
10.7% (from 66.9 to 56.2%) of its Cd** removal efficiency
with HCL as an eluent even after three consecutive adsorp-
tion—desorption tests. On the other hand, the desorption
percentage (%) reduced from 91 to 50% following three
successive cycles. This demonstrates the great stability of
the CAC and its potential for three consecutive cycles of
Cd?* adsorption—desorption. However since the CCF used
in making the CAC is basically cotton fiber composed of cel-
lulose, accompanied by a limited number of non-cellulosic
components (Kumar et al. 2022), the disintegration of the
cotton fibers from the use of HCL as de-sorbent is evident
especially after the third cycle of regeneration.

Conclusion

The IPS-CAC system was developed, fabricated, and
optimized as a scalable prototype for wastewater treat-
ment, specifically for removing heavy metals. The goal
was to enhance the efficiency of heavy metal removal
by leveraging the combined effect of IPS and CAC. To
study the impact of plate inclination angle (), influent
flow rate (Q), and initial adsorbate concentration (C;) on
the removal efficiency of Cd**, the Box-Behnken Design
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(BBD) of the Response Surface Methodology (RSM) was
employed. The results indicated that flow rate and initial
influent concentration were the most significant factors
(p <0.05) affecting Cd**removal by the IPS-CAC system.
Furthermore, the interaction between plate inclination
angle (0) and flow rate (Q) had a significant contribution
to the reduction of Cd** (p <0.05). The optimal conditions
for Cd** removal was achieved with a plate inclination
angle (0) of 45°, a flow rate (Q) of 5 ml/min, and an influ-
ent concentration (C;) of 1.87 mg/L. By using these opti-
mized parameters, the IPS-CAC system was predicted to
achieve a Cd** removal efficiency of 75.8%. Experimental
results at these optimized conditions showed an average
removal efficiency of 69.7% over a 96-h period through
the synergistic effects of IPS-CAC. The breakthrough
time (C/C,=0.25) and saturation time (C,/C,=0.95)
under the optimized conditions were determined to be
66.9 h and 168.2 h, respectively, with adsorption capaci-
ties of 6.17 mg/g and 15.51 mg/g at breakthrough and
saturation points, respectively. The CAC demonstrated a
high stability in Cd** removal, with only a 10% decrease
(from 69.7 to 59.7%) in efficiency observed after three
adsorption—regeneration cycles. This observation indicates
that the composite material can be effectively reused to
remove Cd** ions from effluent streams. The CAC's abil-
ity to eliminate the need for filtration, sedimentation, or
centrifugation during regeneration makes it an attractive
option for scalable and practical industrial applications.
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Additionally, the IPS-CAC system is easily scalable,
reducing the footprint of the treatment unit and operating
in a gravity-operated manner, thereby minimizing initial
and operational costs, as well as the carbon footprint. In
general, this study was conducted in lab-scale experi-
mental setup of which ideally was supposed to be under
controlled environments, however due to unavailability of
appropriate experimental materials some parameters were
not easily controlled. For future work, it would also be
essential to conduct a pilot scale experimentation of the
IPS-CAC design in order to have a comprehensive under-
standing of system performance.
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