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ABSTRACT
In this paper, the adsorption of the chlorinated organic compound, 2,4-dichlorophenol, using
activated carbon (AC), bagasse fly ash (BFA) and rice husk fly ash (RHFA) in a packed bed
column was simulated using Aspen Adsorption software. The purpose of this study was to
demonstrate the effectiveness of simulation software for identifying alternative low-cost
adsorbents and optimising the adsorption process. The effect of process parameters such as
initial concentration, bed height and inlet feed flow rate were evaluated using breakthrough
curves. It was shown that the longest breakthrough times were at a higher bed height of 3 m
and lower flow rate of 2 m3/hr and concentration had no effect on breakthrough time. After
optimisation using response surface methodology, the AC, BFA and RHFA had a breakthrough
time of 534, 426 and 209 s, respectively. This shows the potential of BFA as a potential
alternative for AC for the adsorption of 2,4-dichlorophenol and shows RHFA to be a relatively
poor adsorbent in comparison. The economic evaluation illustrates that the overall cost of
wastewater treatment with BFA and RHFA is lower than AC. The cost for the BFA and RHFA
adsorbents is only a handling charge, but the cost for using AC adsorbent is £10,603/year.
Therefore, the company can produce 17,520 m3/year of fresh water from the adsorbent and
save £87,600/year. Therefore, it was concluded that BFA had a slightly weaker adsorption
efficiency than AC but was more cost effective, allowing it to be more affordable and increasing
its availability.
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1. Introduction

The quick increase in population and industrialisation to
meet human needs, such as an increase in the demand
for paper products, are having adverse impacts on the
environment in the form of water and soil pollution.
The pulp and paper mills are water-severe industries,
and after the chemical and metals industries, they are
ranked third in the world [1]. Paper industries are big
consumers of fresh water and generate wastewater
during the numerous stages of pulping and paper-
making activities. The pulp and paper industry utilises
60–230 m3 of fresh water per ton of paper production,
and, as a result, a large amount of wastewater is pro-
duced [2]. For one ton of paper production, about 70
m3 of wastewater is produced [3]. Pulp and paper indus-
tries are discharging diverse liquid and solid wastes [4].
The generated water has unfavourable impacts on
humans and wildlife.

Bleached kraft pulp mill wastewater is one of the
most challenging parts of the whole pulp industry. In
the bleached pulp effluent, a wide variety of chlorinated
organic compounds are present, starting from the lower
molecular weight to the higher molecular weight of
lignin derivative materials. Bleached pulp wastewater
comprises numerous lignocellulosic compounds,
tannins, cellulose, hemicelluloses and adsorbable
organic halides compounds such as chlorophenols,
dichlorophenols, tri-chlorophenols, etc. [5].

These chlorinated organic compounds are hazardous
and toxic to numerous target organisms and human
beings. So, it is essential to minimise their concen-
trations at safer values. When discharged into the receiv-
ing water body, these toxic compounds affect the
ecological balance. Chlorinated organic compounds
can display significant resistance to biological and
chemical degradation. Therefore, reducing the concen-
tration of chlorinated organic compounds, such as 2,4-
dichlorophenol in bleached kraft pulp mill wastewater,
is required before discharging to a receiving water
body. Chlorophenols are toxic to human beings and
aquatic life. They are a harmful compound proven
toxic even at 0.1 ppm level for many water organisms.
Additionally, it has a highly disagreeable taste and
order in water even at 0.01 ppm level [5]. The permiss-
ible limit of 2,4-dichlorophenol in fish, water flea, and
freshwater algae is in the range of 1.2–14 mg/L [6].

There are several methods for removing pollutants
from wastewater including ultrafiltration, coagulation,
flocculation, complexation, solvent extraction, flotation,
reverse osmosis, ion exchange, precipitation, electro-
dialysis, membrane separation, ozonation and adsorp-
tion [7,8]. However, many of these methods are highly

expensive, have a high energy requirement and are
ineffective at low concentrations [7]. Adsorption is one
of the most practical methods for removing pollutants
from wastewater because of its low cost, high removal
capacity, easy regeneration, the possibility of adsorbate
recovery high surface area, high efficiency, ease of
scaling up and use and comparatively lower secondary
pollution all without toxic sludge generation [8–11].
The process of adsorption is the cleaning, deodorising,
detoxifying, and separating of hazardous substances
from aqueous solutions [12]. Solid adsorbents have
broadly been used to eliminate pollutants such as
dichlorophenols from wastewater [13–16]. The chosen
adsorbent will significantly affect the adsorption
process. To remove the dichlorophenols, the adsorbents
that have been studied previously are chemically
modified chitosan [17], coir pith carbon [18], organoclays
[19], activated bamboo charcoal [20], modified plantain
peel [13], bagasse fly ash (BFA) and rice husk fly ash
(RHFA) [5]. Krishnaiah et al. [21] simulated phenol
adsorption in a packed bed column by studying the
physical and chemical properties of activated carbon
(AC) and natural zeolite. AC is very porous, with a large
particulate surface area [22]. It also effectively removes
pollutants [23,24]. However, producing AC is costly and
its regeneration in an aqueous solution requires elev-
ated temperatures [25,26]. In a previous study, pea
waste has successfully been used as a low-cost biosor-
bent of dye [27]. In a separate study, hydrochar was pro-
duced from different waste biomass with the assistance
of microwaves but showed a low adsorption capacity
and was not an effective alternative adsorbent [28].
BFA and RHFA are the cheapest adsorbents generated
in large amounts by the sugar and rice mills, respectively
[29,30]. Biosorbents are low-cost adsorbents made from
waste biomass that has not been thermally treated; they
are usually not as effective as AC but require minimal
processing [27]. These adsorbents induced attention
due to their ease of handling, cheapness and no disposal
problems. Using agri-waste as a biosorbent not only
helps solve the waste treatment problem, but it is also
economical and eco-friendly [31]. Using waste material
contributes to waste minimisation, recovery and reuse
[8]. On the other hand, AC is a desirable adsorbent for
removing dichlorophenol because of its exceptional
properties, such as good surface area and pore
volume. AC has been shown to outperform the adsorp-
tion capacity of biochar and carbon nanotubes [32]. Car-
bonisation will increase the value and application of
waste biomass. Economic analysis has shown that the
exploitation of biomass is economically feasible [33–
35]. Pyrolysis is a common method for the production
of biochar and AC. However, the process consumes
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energy, with high activation energy and high costs,
requiring high temperatures of 300–1000°C and an
inert atmosphere [36–40]. When chemically activated,
thorough washing to remove chemical agents is
required and AC cannot be regenerated [9]. It is impor-
tant to find a low-cost material comparable to AC in
adsorption capacity but also economically viable and
locally available. Therefore, this research has examined
the suitability of BFA and RHFA as low-cost adsorbents
for removing 2,4-dichlorophenol and their performance
with AC compared using Aspen Adsorption [5,41].

Using simulation software is helpful because it saves
cost and time and provides a suitable operating range
by changing different parameters. Simulation provides
an alternative method of analysing potential adsorbents
without time-consuming experimental work. Though
every real-life aspect can not be accounted for, the simu-
lation and optimisation using computer software can
predict the expected behaviour of a real industrial set-
up, without having to make a small-scale plant.
Response surface methodology (RSM) includes statistical
and mathematical methods to optimise and analyse the
interaction of factors under different conditions and
remove the limit of experimental studies [32]. Design
of experiment can optimise the limited resources to
minimise time and ambiguity [31]. Aspen Adsorption
can conduct different trials under many settings to
govern the optimal parameters [41,42]. Successful
optimisation using RSM of simulated adsorption data
has been performed in other studies [11,28,41,43].
Packed bed systems are extensively used for the adsorp-
tion of organic solvents, toxic gases and water vapour. A
simple packed bed system involves a single column
encumbered with a specific adsorbent. In this research,
for removing 2,4-dichlorophenol, a packed column was
loaded with a selected adsorbent. Using simulation soft-
ware can efficiently study the effect of numerous con-
ditions, such as high concentrations and flow rates.

This research aimed to simulate the treatment of
wastewater using the low-cost adsorbents BFA and
RHFA and compare it with AC to economise the
process. The following objectives were met to reach
this aim: (1) Appropriate packed bed column size
required to remove the 2,4-dichlororphenol from the
pulp and paper mills wastewater is designed using
Aspen Adsorption. (2) The suitability of BFA and RHFA
as low-cost adsorbents for removing 2,4-dichlororphe-
nol from wastewater will also be investigated. Different
parameters such as flow rate, bed height, and initial con-
centration to determine the feasibility of the low-cost
adsorbents for the pulp and paper wastewater treat-
ment process will be evaluated using breakthrough
curves [41]. (3) The results of the simulation were then

optimised using Design Expert software and RSM to
maximise breakthrough and saturation times. The
relationship between initial concentration, bed height,
flow rate and adsorbents was also investigated. (4)
Using the optimised packed bed column, an economic
analysis was produced, comparing the cost of using AC
and biosorbents.

The novelty of this paper is to highlight how simu-
lation software can be effectively used to compare
different adsorbents and optimise the adsorption
process. Using this information a detailed economic
analysis could compare expensive AC with the cost of
cheaper biosorbents and draw attention to the effective-
ness of alternative adsorbents.

2. Materials and methodology

Adsorbents RHFA and BFA were collected from nearby
rice and sugar mills, respectively. To use these adsor-
bents, the soluble impurities were removed by
washing with distilled water and then drying them at
80 °C for 8 h [5]. The analytical grade of AC was used
for economic evaluation and adsorption studies.
Dynamic simulation of 2,4-dichlorophenol adsorption
was conducted using Aspen Adsorption® V10 software
and designed the packed bed column using the exper-
imental data. For the application of RSM to optimise
the breakthrough and saturation times and investigate
the interaction of variables, Design Expert V13 software
was used. Quadratic mathematical models were fitted
with the simulation data to find the best-fitting Equation
to describe the relationship of the variables, which could
then be used for optimisation. The chemical and phys-
ical properties of 2,4-dichlorophenol are available in
the Aspen Properties V10 software. Before the designing
of the process flowsheet, the component 2,4-dichloro-
phenol was configured. The non-random two-liquid
(NRTL) property model was used to calculate the liquid
activity coefficients. NRTL property package is suggested
for highly non-ideal chemical systems for both vapour–
liquid and liquid–liquid equilibrium applications [44].
The process is isothermal, particles are packed uniformly
into the bed column, and the fluid phase acts as the ideal
condition.

The feed requirements, such as initial concentrations
of 2,4-dichlorophenol ions (1.22×10−4 kmol/m3,
6.13×10−4 kmol/m3, 3.0×10−3 kmol/m3, 6.13×10−3

kmol/m3 and 1.2×10−2 kmol/m3) and flow rates (2 m3/
hr, 4 m3/hr, 6m3/hr, 8 m3/hr and 10 m3/hr), are used as
inputs for the feed water stream. The product concen-
tration is set to 0 mol/L to determine the breakthrough
time for the adsorption column [44]. The feed stream
enters at 30 °C and a pressure of 3 atm. For the
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process model type, the reversible model was chosen.
The feed flow rate was set at the feed block for the
uniform constant flow rate throughout the adsorption
process. A packed bed column is used for the adsorption
of 2,4- dichlorophenol from the pulp and paper mill
wastewater as it can provide continuous contact
between the vapour–liquid and liquid–solid phases.
Packed bed columns are less expensive when handling
corrosive liquids, give low-pressure drops, and are best
for handling foaming systems than other options.
Figure 1 displays the process flowsheet used in this
research for the simulation runs. Table 1 gives theoreti-
cal assumptions for the modelling of 2,4-dichlorophenol
adsorption, and Table 2 shows the adsorbent properties
such as bulk density, average particle size, total pore
volume, surface area and void ratio. These input par-
ameters were used in the current simulation and fed
into the simulation software to characterise the packed
bed column.

The number of nodes and upwind differencing
scheme-first order (UDS 1) was chosen under the
general tab. In terms of stability, quick ion capability,
accuracy and non-oscillatory in all possible situations,
the UDS 1 is the best standard discretisation method.
USD 1, the first-order convection term, is based on the
Taylor expansion [11,44]. The accuracy can be increased
by increasing the number of nodes. Hence, 20 were used
in this simulation [11,44]. The film model assumption in
this simulation was solid. This expresses the mass trans-
fer driving force in terms of solid-phase concentrations
of the components [11,44]. No pressure drop was
assumed in this simulation [41]. The energy balance in
this simulation was assumed to be isothermal [41]. In
this research, convection with estimated dispersion is

the material balance assumption selected under the
material and momentum balance tab. This is the impor-
tant assumption about material dispersion in the liquid
phase for the ion exchange process. Convection with
estimated dispersion is comprised of the material
balance for the bed. In this condition, the dispersion
coefficient varies along the length of the bed. The soft-
ware is proficient in combining all resistances to an
overall master transfer single component. Under the
material and momentum balance tab, the pressure
drop assumption selected none and the velocity
assumption selected constant. This research selected
solid phase loading as the mass transfer driving force
[21]. The kinetic model assumption selected linear
lumped resistance, the form of mass transfer coefficient
(MTC) kept constant. The linear lumped resistance
kinetic model assumes the driving force for the mass
transfer of the components is a linear function of the
component concentration in the liquid or solid phase
[11,41,44]. Pseudo-first-order model, Pseudo-second-
order model and Weber-Morris intra-particle diffusion
model explain the 2,4-dichlorophenol adsorption
process on AC, BFA and RHFA, respectively. Pseudo-
first-order kinetics describe the adsorption process in
other studies [31]. In this research, the mass transfer
coefficients of 2,4-dichlorophenol using different adsor-
bents have been determined using the Lagergren first-
order rate equation shown in equation 1 [48].

dqt
dt

A = k1(qe− qt) (1)

Where k1 (min-1) is the rate constant, qt (mg/g) is the
quantity of adsorbate adsorbed at a time ‘t’, and qe
(mg/g) is the adsorption capacity in equilibrium. After
integration and applying initial conditions at t = 0, qt =
0, and at t = t, qt = qe, the Lagergren rate Equation (1)
becomes [5]:

Log (qe–q) = Log qe–
kad
2.303

t (2)

Where kad is the adsorption rate constant, q and qe
are the quantities of 2,4-dichlorophenol adsorbed at

Figure 1. Process flowsheet of 2,4-dichlorophenol adsorption
on Aspen Adsorption® V10.

Table 1. Theoretical assumptions for the modelling of 2,4-
dichlorophenol adsorption.
Discretisation model: Upwind differencing scheme-first order (UDS 1)
Number of nodes: 20
Material/momentum balance: Convection with estimated dispersion
Pressure drop Assumption: None
Velocity assumption: Constant
Kinetic model assumption: Linear lumped resistance
Film model assumption: solid
Mass transfer coefficient: Constant
Isotherm model: Freundlich 1
Energy balance assumption: isothermal

4 H. A. YASIR ET AL.



time t on the unit weight of adsorbents at equilibrium.
The values of the adsorption rate constant have been
presented in Table 3.

At constant temperature, the quantity of solute
adsorbed on the adsorbent and the solute concentration
in the equilibrium solution is expressed as adsorption
isotherm. Dynamic phase equilibrium is recognised
between the adsorbent and adsorbate surface for the
single component adsorption. The liquid phase concen-
tration of adsorbate (Ce) and adsorbate loading on the
adsorbent (qe) are related to the adsorption equilibrium
isotherm at a constant temperature. There are numerous
isotherm models presented in the literature. However,
the Freundlich model has been selected for the
present study to remove the 2,4-dichloriorphenol by
using different adsorbents such as BFA, RHFA and AC
[5]. Freundlich has was presented as the best fitting
model in other adsorption studies [31,32]. Freundlich
isotherm model presented in the Equation (3) [49].

qe = KFC1/n
e (3)

where qe and Ce are the equilibrium concentrations (mg/
L), and n and KF are Freundlich constants. The value of
the Freundlich isotherm model has been recorded in
Table 4 for removing 2,4-dichloriorphenol by using
different adsorbents.

After identifying all the important parameters and
finalising the bed configuration, the setup was organ-
ised to simulate. The adsorption of 2,4-dichlorophenol

in a packed bed column was conducted on Aspen
Adsorption software, as shown in Figure 1. There were
three process constraints: initial 2,4-dichlorophenol con-
centration, bed height, and flow rate studied to check
the effect of each constraint on the breakthrough
curve. The simulation started by initialising the setup
and then exchanged to dynamic mode. The break-
through curve was created in the dynamic mode as
time progressed. The initial concentration of the 2,4-
dichlorophenol was altered at a constant flow rate (2
m3/hr) and a bed height (2m). The initial concentrations
of 2,4 dichlorophenol ions were 1.22×10−4 kmol/m3,
6.13×10−4 kmol/m3, 3.0×10−3 kmol/m3, 6.13×10−3

kmol/m3 and 1.2×10−2 kmol/m3. The optimum initial
concentration of 2,4 dichlorophenol ions was estab-
lished by studying the breakthrough curves at these
different concentrations and then choosing the concen-
tration curve which generated the extended break-
through time. After this, check the impact of bed
height on the breakthrough curves by varying the
heights of the bed, such as 1m, 1.50m, 2m, 2.5m, and
3.0m and keeping concentration at 3.0×10−3 kmol/m3

and a flow rate of 2 m3/hr. Lastly, studied the effects of
different flow rates such as 2 m3/hr, 4 m3/hr, 6 m3/hr,
8 m3/hr and 10 m3/hr were used in each trial while
keeping the constant concentration of 2,4-dichlorophe-
nol (6.13×10−4 kmol/m3) and a bed height of 1.50 m
to analyse the breakthrough curves of the packed bed
column. These stages were carried out for the AC, fol-
lowed by the BFA and RHFA. Then optimum-generated
breakthrough curves were compared for the adsorbents
such as AC, BFA and RHFA.

3. Results and discussion

The simulation of 2,4-dichlorophenol adsorption was
conducted with 45 runs by changing the 2,4-dichloro-
phenol ion concentration, bed height and flow rate. It
was completed using a trial-and-error technique, estab-
lishing that the selected constraint values were within
the limit to generate an effective breakthrough curve.
A longer breakthrough time provides a better adsorp-
tion capacity of adsorbents in the adsorption column
[44]. The breakthrough time occurs when the outlet
effluent concentration reaches 5% of the input concen-
tration (Ce = 0.05 Co) [9]. The saturation time begins

Table 2. The characteristics of Bagasse fly ash characteristics
(BFA), rice husk fly ash (RHFA) and activated carbon (AC)
obtained from the sugar industry.
Adsorbent properties Value References

Bagasse fly ash characteristics
Bulk density (kg/m3) 270 [30]
Average particle size (µ) 167.35 [5]
Void ratio 0.79 [45]
Surface area (m2/g) 440 [45]
Rice husk fly ash characteristics
BET Surface area (m2/g) 65.36 [46]
Total pore volume (cm3/g) 0.039 [46]
Average particle size (µ) 412 [46]
Bulk density (kg/m3) 175.3 [46]
Activated carbon characteristics
Bulk density (kg/m3) 617.5 [5]
Average particle size (m) 0.002 [5]
Total pore volume (cm3/g) 0.55 [47]
BET Surface area (m2/g) 847 [47]

Table 3. Values of mass transfer coefficient for the adsorption of
2,4-dichlorophenol by using different adsorbents [5].
Adsorbent Adsorption rate constant kad (min−1)

RHFA 0.02047
BFA 0.02254
AC 0.01863

Table 4. Freundlich constants for the adsorption of 2,4-
dichloriorphenol by using different adsorbents [5].
Freundlich isotherm AC BFA RHFA

KF((mg/g)/(mg/L)1/n) 0.78886 0.52747 0.32337
N 2.74725 2.45942 1.91718
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when the outflow concentration reaches 95% of the
inflow concentration, at which point the bed is saturated
[9]. Despite being a valid indicator of an adsorbed bed
column’s performance, breakthrough time is also
influenced by the bed’s height, flow rate, temperature,
pH, and material characteristics [9].

3.1. Effect of initial concentration

The effect of the initial 2,4-dichlorophenol concentration
was determined by changing the concentrations such as
1.22×10−4 kmol/m3, 6.13×10−4 kmol/m3, 3.0×10−3 kmol/
m3, 6.13×10−3 kmol/m3 and 1.2×10−2 kmol/m3 at a con-
stant bed height 2 m and a flow rate of 2 m3/hr. Figure 2
(a-c) illustrate the breakthrough curves for the adsor-
bents AC, BFA and RHFA. The breakthrough curves
were established by plotting the wastewater outlet con-
centration (C) divided by the 2,4-dichlorophenol initial
concentration (Co) against time. It can be seen from
Figure 2 that the outlet concentration of 2,4-dichloro-
phenol ultimately reached the inlet concentration
value as the adsorption process proceeded.

Figure 2 shows that the initial concentration did not
affect breakthrough and saturation time. For the con-
centration of 3.0×10−3 kmol/m3, the breakthrough
times were obtained as 333 s, 272 s and 140 s for adsor-
bents AC, BFA and RHFA, respectively. At the same con-
centration (3.0×10−3 kmol/m3), the saturation time
obtained for the adsorbents AC, BFA and RHFA were
1050 s, 804 s and 535 s, respectively. Hence, AC and
BFA can be considered the better adsorbents because
they have a longer breakthrough and saturation time.

Another study showed a similar trend as the present
study, and it was concluded that the assumption of
linear lumped resistance in the kinetic model might
not fully characterise the adsorption mechanism [41]. It
has been concluded in another work that since the
lumped linear resistance kinetic model has been
assumed in the work, which assumes that the rate of
ion uptake is directly proportional to its concentration
gradient, an increase in concentration would increase
exhaustion capacity [11]. Other studies show mixed
responses to changing initial concentration. A higher
initial concentration has increased breakthrough and
saturation times [50]. But in other studies, a lower
initial concentration increased breakthrough and satur-
ation times [44,51]. In other studies, adsorption
efficiency decreased at higher initial concentrations
[31,32]. A lower initial concentration should increase
the adsorption capacity and thus lengthens the break-
through and saturation time [9,44,52]. At higher concen-
trations, the number of empty adsorption sites decreases
or are saturated by pollutant molecules, leaving the

remaining sites not readily available, lowering adsorp-
tion efficiency [32]. The number of active sites were
inefficient in adsorbing the pollutant [31].

3.2. Effect of bed height

The effect of bed height was determined by altering the
bed heights such as 1.0 m, 1.50 m, 2.0 m, 2.5 m, and 3.0
m and fixing the concentration at 3.0×10−3 kmol/m3

and a flow rate of 2 m3/hr. Figure 3 (a-c) displays the
breakthrough curves observed from the column at
different bed heights. The breakthrough times observed
at a concentration of (3.0×10−3 kmol/m3), a flow rate of
(2 m3/hr) and a bed height of (2.50m) for AC, BFA and
RHFA were 425 s, 354 s and 132 s, respectively. Likewise,
the saturation time observed for AC, BFA and RHFA at
the same conditions were 1408 s, 1067 s and 615 s,
respectively. The simulation results show that the break-
through time increased as the bed height increased, and
the breakthrough curve became less steep. So, removal
efficiency can be increased with a higher bed height
because there is a good retention time between the
adsorbent and the removal component. So, as a result
of this, there are more binding sites for the adsorption,
increasing the available surface area and higher removal
efficiency of 2,4-dichlorophenol.

While lower bed height directs that the bed has less
ability to adsorb the component from the solution due
to its less retention time and smaller surface area,
which results in a faster breakthrough and exhaustion
time. At a lower bed height, axial dispersion is con-
sidered the prominent mass transfer method, which
reduces ion diffusion [44]. Furthermore, a lengthier
breakthrough and saturation time is observed for the
adsorbent’s AC and BFA, which shows that they have
good adsorption capacity. This indicates that AC and
BFA are better adsorbents due to their higher adsorption
capacity at the same conditions as RHFA. Similar results
were seen in other studies [9,41,50,51]. A higher bed
height means an increased adsorbent dosage, which
increases absorption efficiency [31,32]. This is due to
the increased availability of active sites [31,32]. At a
lower bed height, the ion diffusion is reduced due to
the prominent mass transfer method being axial dis-
persion [44]. When bed height increases, there is an
increase in breakthrough time due to the diffusion
mass transfer having a greater effect than axial dis-
persion [9].

3.3. Effect of flow rate

The effect of flow rate was studied by varying the flow
rates at a constant bed height and initial concentration.
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The breakthrough curves were determined by varying
the flow rates such as 2 m3/hr, 4 m3/hr, 6m3/hr, 8m3/hr
and 10 m3/hr at a constant concentration (6.13×10−4

kmol/m3) and a bed height of 1.50 m. The breakthrough
curves observed for the adsorption of 2,4-dichlorophe-
nol at varying flow rates are shown in Figure 4 (a-c).
Increasing the flow rate resulted in a steeper curve and
the column saturated early. The observed breakthrough
time for AC, BFA and RHFA at a flow rate of 4 m3/hr, con-
centration (6.13×10−4 kmol/m3) and a bed height of

(1.50m) were 104 s, 89 s and 38 s, respectively. Corre-
spondingly, the saturation time observed for AC, BFA
and RHFA at the same conditions was 497 s, 368 s and
213 s, respectively. These results show that the faster sat-
uration of the adsorbent pores is due to the rapid fluid
movement. As the flow rate increased, the interaction
time between the adsorbent and 2,4-dichlorophenol
ions also decreased, resulting in a shorter contact
period. In other words, the faster saturation occurred
at higher flow rates due to the formation of a thin film

Figure 2. Effect of initial concentration on the breakthrough time and breakthrough curves of the column for (a) AC, (b) BFA and (c)
RHFA.
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around the adsorbent which also causes the rate of mass
transfer to increase [53]. A higher flow rate leads to the
clogging of pores due to the increased movement of the
fluid [44]. Moreover, If the retention time of the solute in
the packed bed column is not extensive enough for the
adsorption equilibrium to be achieved at a given flow
rate, this results in a shorter saturation time [54]. A

longer breakthrough and saturation time was observed
for the adsorbent AC and BFA, as displayed in Figure 4
(a-c). This shows that AC and BFA are better adsorbents
and have good adsorption capacity under the same con-
ditions as RHFA.

Breakthrough times also observed for AC, BFA and
RHFA adsorbents at a lower flow rate of 2 m3/hr

Figure 3. Effect of bed heights on the breakthrough time and breakthrough curves of the column for (a) AC, (b) BFA and (c) RHFA.
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were 235 s, 206 sec and 97 s, respectively. This shows
that at a low flow rate, the time required for the sat-
uration and breakthrough time are also increased,
resulting in a good adsorbent’s adsorption capacity.
So, this study shows that the optimum flow rate for
removing 2,4-dichlorophenol from the wastewater
was 2 m3/hr. Similar results were seen in other
studies [9,10,21,41,50,51]. There are fewer opportu-
nities for the ions to reach the micro and mesopores
of the adsorbent due to lower residence time [9]. An
increase in the external film diffusion mass transfer
resistance is the cause of the decrease in the slope
at lower flow rates [9].

3.4. Optimisation of variables using response
surface methodology

Design Expert software was used to optimise break-
through and saturation time and identify the relation-
ships between initial concentration, bed height, flow
rate and adsorbent, which were given the terms A, B, C
and D, respectively. A reduced quadratic model was
used to describe how the variables affect breakthrough
and saturation time. Terms that had a p-value over 0.1
were filtered out of the model. A p-value less than 0.05
indicates the term is statistically significant and values
greater than 0.1 indicate the term is not significant
[55]. The possible terms were A, B, C, D, AB, AC, AD,

Figure 4. Effect of flow rates on the breakthrough time and breakthrough curves of the column for (a) AC, (b) BFA and (c) RHFA.
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BC, BD, CD, A2, B2 and C2. A mathematical model was
produced for each adsorbent’s breakthrough and satur-
ation time, which can be seen in Equations (4–9).

AC Breakthrough time = 37.3+ 6790

× Initial Concentration+ 200

× Bed Height− 67.3× Flow rate− 3650

× Initial Concentration× Bed Height+ 3.62

× Flow rate2

(4)

BFA Breakthrough time = 69.1+ 6790

× Initial Concentration+ 157× Bed Height− 64.2

× Flow rate− 3650× Initial Concentration

× Bed Height+ 3.62× Flow rate2

(5)

RHFA Breakthrough time = 60.3+ 6790

× Initial Concentration+ 79.9× Bed Height− 51.8

× Flow rate− 3650× Initial Concentration

× Bed Height+ 3.62× Flow rate2

(6)

AC Saturation time = 530+ 528× Bed Height

− 229× Flow rate+ 11.4

× Flow rate2 (7)

BFA Saturation time = 416+ 376× Bed Height

− 194× Flow rate+ 11.4

× Flow rate2 (8)

RHFA Saturation time = 368+ 200× Bed Height

− 167× Flow rate+ 11.4

× Flow rate2 (9)

The breakthrough and saturation time for the different
adsorbents can be predicted using these equations. It can
be seen from the equations that AC, AD, BC, A2 and B2

were deemed not significant terms in the breakthrough
time model. The terms A, AB, AC, AD, BC, A2 and B2
were deemed insignificant in the saturation time model.
The common non-significant term is the initial concen-
tration of 2,4-dichlorophenol. To show the suitability of
the models, the analysis of variance and fit statistics
have also been presented. The analysis of variance for
the two reduced quadratic models for breakthrough
and saturation time can be seen in Table 5.

An F-value of 936.21 and 523.96 for breakthrough
and saturation time, respectively, implies that the
models are significant. A p-value less than 0.05 indi-
cates that a term is significant [55]. This means all

the terms except initial concentration and AB can be
considered significant. The AB term was included in
the model because its p-value of 0.0510 was low
enough to pass the filter of 0.1. The initial flow rate
term was included in the model as it was required
to support the model hierarchy. A lack of fit F-value
of 0.88 in saturation time implies the lack of fit is
insignificant. This is good since the model wants to
fit. However, A lack of fit F-value of 132.79 in break-
through time implies the lack of fit is significant. This
is not good since the model wants to fit. The fit stat-
istics for the two reduced quadratic models for break-
through and saturation time can be seen in Table 6.

Both models’ predicted R2 and adjusted R2 are within
the reasonable agreement, with a difference of less than
0.2 [55]. The R2, predicted R2, and adjusted R2 values of
both models were found to be very close to 1, indicating
that the suggested models can be good predictors of
the experiment results [11]. ‘Adeq precision’ measures
the signal-to-noise ratio, a ratio greater than 4 is desir-
able [55]. A ratio of 113.8829 and 85.2643 for break-
through and saturation time, respectively, indicate an
adequate signal. The 2-D model graphs for the two
reduced quadratic models for breakthrough and satur-
ation time can be seen in Figure 5.

Figure 5A, B and C show that initial concentration had
little effect on the breakthrough time for all three adsor-
bents. It can be seen that the colour gradient does not
change as the Initial concentration varies. However, the
colour gradient changes as bed height varies, with a
longer breakthrough time favouring a taller bed height.
In another study, initial concentration and dosage were
found to be significant influencers of adsorption
efficiency [31]. AC showed the longest breakthrough
times, and RHFA showed the shortest. Figure 5D shows
the effect of flow rate and adsorbent on breakthrough
time. A lower flow rate and AC are preferred for a longer
time. Figure 5E shows the effect of bed height and adsor-
bent on saturation time. Ahigher bedheight andAC ispre-
ferred for a longer time. Figure 5F shows the effect of flow
rate and adsorbent on saturation time. A lower flow rate
and AC are preferred for a longer time. All the adsorbents
show similar trends in all graphs, with AC performing best
andRHFAperformingworst. Theoptimumparameters are,
therefore, a flow rate of 1.22×10−4 kmol/m3, a bed height
of 3.0 m and a flow rate of 2 m3/hr.

3.5. Optimisation and comparison performance
between adsorbents

The optimisation results show that the most optimum
conditions found to be the initial concentration of 2,4-
dichlorophenol are 1.22×10−4 kmol/m3 with 3.0 m bed
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height and 2 m3/hr flow rate. This was the case for these
three adsorbents: AC, BFA and RHFA. Figure 6 shows the
breakthrough curvesof these adsorbents to relate to their
breakthrough time at optimum conditions.

Figure 6 shows that the breakthrough time observed
for AC, BFA and RHFA was 534, 426 and 209 s, respect-
ively. Similarly, the saturation time observed for AC,
BFA and RHFA was 1627, 1242 and 650 s, respectively.
These results show that a long time is needed for AC
and BFA to be saturated with 2,4-dichlorophenol. This
indicates that AC and BFA are better adsorbents to
adsorb the 2,4-dichlorophenol from the wastewater at
these optimum conditions.

4. Economic evaluation

This section aims to investigate and study the economic
analysis of a small project Figure 7 in a water filtering
system as shown in Figure 7. Once all the other project
plans are completed, a decision needs to be taken to
highlight the economic analysis section. Economic
analysis is one of the essential key objectives that must
be considered in a project’s conceptual design. Econ-
omic analysis is a great technique or tool that involves
assessing and examining various issues related to a pro-
ject’s economic viability [56]. Economic analysis is
applied to value a project or a company that needs to
understand that project spending on costs such as raw
materials and profits. It is also used to understand how
the project performs. Therefore, the main aim of the
economic analysis presented in this paper is to indicate
how changes in the broader economy will affect the
present or future of the project performance [57]. Fur-
thermore, when economic analysis is conducted,
several economic factors need to be considered, as

some of them directly or indirectly may influence the
production performance of the project. The economic
evaluation presented in this paper estimate capital
expenditure (CAPEX) and operation expenditure
(OPEX) [2]. It is also adjusted to estimate the sum invest-
ment value because it is the most important key objec-
tive in the conceptual design of a project.

4.1. Estimated Capital Cost (CAPEX)

CAPEX is a key element for this project that need to be
considered to determine its overall economic analysis
and visibility to display costing analysis that is required
to be spent on purchasing designing, technological
equipment, physical assets, building, etc. [57]. The
Capital cost (CAPEX) is divided into main categories: i)
Fixed capital investment (CAPES) and ii) Working
capital investment (WCI).

4.1.1. Fixed capital investment (FCI)
Fixed capital investment is considered one of the most
important economic aspects. It is applied to estimate the
sum of money that needs to be spent on purchasing any-
thing related to the plant construction [2]. This section of
economic analysis is comprised of four essential categories:

1- Inside Battery Limit (ISBL) refers to the total initial cost of
thedirectfield and indirectfieldof theplant that needs
to be spent on purchasing all the essential equipment
installation and components such as process equip-
ment, shipping costs of equipment, and piping land
costs. Therefore, to find out (ISBL) for this project or
addition unit, Equation (10) [58] is used:

Ce = a+ bSn (10)

Where:
Ce = Cost of the equipment based on the US Gulf

Coast.
a & b = Constant values for a pacific parameter

obtained from Sinnott and Towler [58].

Table 5. Analysis of variance for the reduced quadratic model.
Breakthrough Time Saturation Time

F-value p-value Significance F-value p-value Significance

Model 936.21 <0.0001 Significant 523.96 <0.0001 Significant
A – Initial Concentration 1.56 0.2194 Not significant n/a n/a
B – Bed Height 2453.51 <0.0001 Significant 867.60 <0.0001 Significant
C – Flow Rate 766.16 <0.0001 Significant 692.27 <0.0001 Significant
D – Adsorbent 1299.34 <0.0001 Significant 774.16 <0.0001 Significant
AB 4.07 0.0510 n/a n/a
BD 179.69 <0.0001 Significant 59.97 <0.0001 Significant
CD 66.57 <0.0001 Significant 45.10 <0.0001 Significant
C2 128.27 <0.0001 Significant 68 <0.0001 Significant
Lack of fit 132.79 0.0009 Significant 0.8790 0.6527 Not significant

Table 6. Fit Statistics for the two reduced quadratic models.
Breakthrough Time Saturation Time

R2 0.9965 0.9920
Adjusted R2 0.9955 0.9901
Predicted R2 0.9904 0.9837
Adeq Precision 113.8829 85.2643
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Figure 5. Model graphs for A) the effect of bed height and initial concentration on AC breakthrough time, B) the effect of bed height
and initial concentration on BFA breakthrough time, C) the effect of bed height and initial concentration on RHFA breakthrough time,
D) effect of flow rate and adsorbent on breakthrough time, E) the effect of bed height and adsorbent on saturation time and F) the
effect of flow rate and adsorbent on saturation time.
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S = Size parameter
n = Denotes the exponent for the types of equipment.
The costs for the packed bed column would be:

Ce = 53, 000+ 28, 000 × (5.30)0.7

= $159, 311.13

Tanks used as storage for receiving raw materials and
storing products:

Ce = 5000+ 1400 × (10)0.7

= $12, 016.62
(11)

Therefore, two tanks need to be installed as displayed
in Figure 7:

Ce = 2 × $12, 016.62 = $24, 033.24

Total Ce = ISBL

= Cost of packed bed column

+ cost of both tanks (12)

Due to the related present costs to past costs being
based on data for material, energy and labour costs,
therefore, the cost value of the project obtained needs
to be converted from US Gulf Cost basis 2013 into US
Gulf Cost 2021 by manipulating the data discovered
from the Economic Indicators published in government
statistical digests for Chemical engineering plant cost
index (CEPCI) for the year 2021 [59].
ISBL value with inflation:
Equation (13) Sinnott and Towler [58] is manipulated to
find out the cost of the unit for the year 2021:

Cost of present plant in (2021) = Cost plant2013

× Cost plant index 2021
Cost plant index 2013

( )

= $183, 344.37× 677.7
567.3

( )

= $219, 024.29 with US Gulf Cost Basis

(13)

ISBL with location factor:
Equation (14) is applied to convert the obtained
value from the US Gulf Cost Basis into the UK
basis location factor [58]. The UK basis location
factor value is (1.02) [58].

UK basis location factor = Obtained value in US$

× UK location factor
USGC location factor

( )

= $219, 024.29× 1.02
1

( )

= $223, 404.78 as the UK basis in 2021.

(14)

ISBL value with exchange rate:
Then the obtained ISBL value needs to be converted and
changed from the US currency ($) to the UK currency (£).
The exchange rate is approximated as (0.77) by the Bank
of England [60] and used in Equation (15) [58].

ISBL = $223, 404.78× 0.77

= £172, 021.68 on the UK basis in 2021 (15)

2- Outside Battery Limits (OSBL) is calculated in Equation
(15) [58] as (40%) of the obtained ISBL value from
Equation (16).

OSBL value = 40% X ISBL

= 40% X £172, 021.68 = £68, 808.67
(16)

3- Contingency costs are another portion of fixed capital
investment that needs to be considered by the
company. It is approximated as (10%) of the sum of
(ISBL+OSBL) as calculated in Equation (17) [58].

Contingency Cost = 10% of (ISBL+ OSBL)

= £24, 083.04
(17)

Figure 6. Effect of flow rates on the breakthrough time and breakthrough curves of the column for (a) AC, (b) BFA and (c) RHFA.

ENVIRONMENTAL TECHNOLOGY 13



4- Design and engineering costs are approximated as
(20%) of the sum of (ISBL+OSBL) value. It is the
design and engineering costs related to
structures either inside or outside the project, and it
is also calculated in Equation(18) [58].

Engineering cost = 20% of (ISBL+ OSBL)

= £48, 166.07
(18)

Therefore, the total fixied capital investment (FCI)

= ISBL+ OSBL+ Contingency costs

+ Design and engineering costs

(FCI) = £313, 079.46

(19)

4.1.2. Working capital investment
According to Sinnott and Tower [58], the working capital
value is approximated based on the size of the project.
For a small project like this, estimated as (5%) of the
sum (ISBL+OSBL) value and Equation (20) is applied to
calculate the value:

Working Capital Investment = 5% of (ISBL+ OSBL)

= £12, 041.52

(20)

Therefore, CAPEXcost will be the fixed

capital investment cost+ working capital

= £606, 582.72+ £23, 330.10 = £32, 5120.98

(21)

4.2. Operation Expenditure (OPEX)

4.2.1. Fixed costs of production
Sinnott & Towler [58] stated that the operating labour
cost is $60,000 US per annum:

$60, 000 based on the USGulf Cost (2013)

Then the inflation rate of (2.9% per annum) Sinnott
and Towler [58] is applied to the obtained value by
using Equation (22) for conversion from 2013 to 2021

(8 years):

$60,000× (1.029)8=$75,417.87per annumon (USGC)basis (2021)

(22)

The UK location factor of (1.02) is applied in Equation
(23) [61]:

$75, 417.87× 1.02 = $76, 926.22 as the UK basis (2021)

(23)

Finally, the exchange currency of (0.77) [60] is applied
to the value in the UK£ by using Equation (24):

$76, 926.22× (0.77) = £59, 233.19 (UK) basis (2021)

(24)

Therefore, the total fixed costs of production for this
process is £64393.84 as displayed in Table 7.

4.2.2. Variable Cost of Products (VCOP) (Raw
materials)
The economic evaluation for three different adsorption
techniques of wastewater treatment from pulp and
paper processes as solid adsorbents are broadly investi-
gated, as shown in Figure 7. These adsorptions are used
to eliminate particular pollutants from the pulp and
paper wastewater, including dichlorophenols [16]. In
the first and second techniques of the wastewater treat-
ment process, Rice husk fly ash (RHFA) and Bagasse fly
ash (BFA) as adsorbents were applied, and the economic
evaluation for these two adsorbents was studied as
shown in Table 8. In the third technique, activated
carbon (AC) as an adsorbent was applied, and the cost
was evaluated as 900–1200 USD/ton in Table 8 [62].

The amount of adsorbent used in the packed bed
column for the adsorption of 2,4-dichlororphenol can
be calculated by Equation (22) [51].

mb = 1/4D2Hbrb (25)

Figure 7. Schematic diagram of a water filtering system.

Table 7. Fixed Costs of Production of the water treatment unit.
Fixed Costs of Production Equations Costs

Labour Cost – £59233.19
Maintenance 3%×(ISBL) £5160.65
Total – £64393.84
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where: mb = denotes the mass of the adsorbent in the
bed (kg); D = the diameter of the column (m); Hb = the
height of the bed in the column (m) and ρb = show the
density of the adsorbent used (kg/m3).

mb = 1
4
× p × (1.5)2(m)× 0.50(m)× 500

kg
m3

( )

= 441.79 kg is placed in the bed column.

The volume of the packed column:

Vcolumn = p × (r)2 × h

= p × (0.75)2(m)× 3(m) = 5.30 m3
(26)

Where:
(v) is the volume of the column in (m3), (r) is the radius

of the column in (m) and (h) is the height of the column
in (m).

The volume of the bed in the packed column:

Vcarbon bed = rcarbon × mcarbon

= 500
kg
m3

( )
× 441.79 = 0.88(m)3

out of the packed columne

(27)

The volumetric flow rate of water = 2 m3/hr

The volumetric rate of water on one day

= 24hr × 2
m3

hr
= 48

m3

day
(28)

The total volumetric flow rate of fresh water from this
process could be obtained as calculated in Equation (29):

Fresh water = 365 day × 48
m3

day
= 17520

m3

year
(29)

The price of freshwater [63] is estimated as £5/m3:
Therefore,

17, 520
m3

year
× £5

m3
= £87, 600 per year (30)

For a period of 20 years, the company can save
£1,752,000 from this unit.

4.3. Gross profits, discount factor and discounted
cash flow calculations

Financial elements and calculations are of essential
section in every business to determine the cost of
revenue, products’ costs and profitability. As soon as
a modern chemical (process) engineer begins to
produce products, it requires a start-up schedule
because it does not make products at full capacity
for a number of years. Table 9 is a typical start-up sche-
dule for the engineering process provided by Sinnott
and Towler [58]. The cost (cash flow) of this project
was calculated as 30% of fixed capital investment
which is £93,923.84 in the first year and 50% of fixed
capital investment which is 156,539.73 in the second
year. Therefore, this project has zero revenue and
minuses gross profits for the first two years. The
gross profit values from year 5 to year 20 for this are
calculated and shown in the Equations in Table 9 are
derived from Sinnott and Towler [58].

To find out depreciation and taxable income values,
the scrap value needs to be found using Equation (31)
[58]:

Scrap = 5% of (ISBL+ OSBL)

= (0.05)× (£172, 021.68+ £68, 808.67) = £12, 041.52

(31)

The scrap value is then used in Equation (32) to find
the depreciation value [57]:

Depreciation value at year 2

= FCI− Scrap value
Plant life

(32)

And the tax paid values will be found by Equation (33)
[57]:

Tax paid at year 2 = (20%) of taxable income (33)

To find cash flow in the second year of the project, the
following Equation (28) is used:

Cash Flow at year 2 = Gross profit–Tax paid (34)

Equation (35) is used to determine the discount factor
for every year, assuming the discount rate for the next 20
years of the plant is 2% [58].

Discount factor at year 2 = (1+ i)−n (35)

Where:
i = representing the discounted cash flow rate of return
(Percent/100).
n = representing the life period of the project in a year.

Table 8. The cost of the adsorbent used in this study [62].
Adsorbents Cost of adsorbent

Rice husk fly ash Handling charges
Bagasse fly ash Handling charges
Activated carbon 900–1200 USD/Ton
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Finally, to figure out the discount cash flow, the fol-
lowing Equation (36) is applied:

Discount Cash Flow at year 2 = Net Cash flow

× Discount factor

= −£156, 539.73× 0.98 = −£153408.94

(36)

Tables 10 and 11 contains all the values and calculation
methods of gross profit, discounted cash flow and cumu-
lative net cash flow for (RHFA and BFA adsorbents) as scen-
ario 1 and (AC) as scenario 2 for a period of 20 years. In
scenario 1, the cumulative cash flow applied in this
project from year 1 to year 8 are (-£93923.84),
(-£250463.57), (-£25,702), (£620,847), (£1,603,395),
(£2,585,944), (£3,568,49), (£4,551,041), respectively. By
adding them all together, a cumulative cash flow for year
8 is obtained, which is equal to (£9347986.59). The cumu-
lative cash flow for both scenarios is quite close to each
other andare calculated as £161,135,073 and 163,843,513,
respectively, over 20 years. The fresh water production

capacity of this unit is estimated as 17,520 m3/year to
remove the 2,4-dichlorophenol ions from the pulp and
paper mill effluent. Therefore, economic analysis for
RHFA, BFA and AC as absorbents have been done to
meet the higher performance and lower cost. The cost
value for RHFA and BFA is only the handling charge but
for AC adsorbent is £10602.96 per year with better per-
formance with a volumetric flow rate of 2 m3/hr, and the
NPVs for all processes were obtained. Therefore, the
company can save £87,600 per year with the AC absorbent.
The cumulative cash flow for both scenarios is presented
and the cumulative cash flow for the second scenario is
better according to obtained results. For example, the
cumulative cash flow for scenarios 1 & 2 are calculated
as £161,135,073 and 163,843,513, respectively, over
twenty years. The advantage of using simulation software
is it gives responses cheaper and faster than a physical
process. It allows responses from scenarios that would be
unsafe or expensive to operate. With the correct data,
the responses can be very accurate. The limitations and
cons of this method of research are the simulation software

Table 9. Start-up schedule of gross profits for RHFA, BFA and AC adsorbents.

Year Equations &Costs (£)

RHFA and BFA Adsorbents AC Adsorbent

Revenues (£) Gross Profits (£) Revenues (£) Gross Profits (£)

0 30% of (FCI) = 93,923.84 0 Revenue – Cost =
− 93,923.84

0 Revenue – Cost =
− 93,923.84

1st 50% of (FCI) = 156,539.73 0 Revenue – Cost =
− 156,539.73

0 Revenue – Cost =
−156,539.73

2nd (20% of FCI) +(WCI) + FCOP +
(30% of VCOP)

30% of Design basis =
420,000

Revenue – Cost =
280,948.75

30% of Design basis
=420,000

Revenue – Cost =
277,767.86

3rd (70% of VCOP) + FCOP 70% of Design basis =
980,000

Revenue – Cost =
808,182.32

70% of Design basis =
980,000

Revenue – Cost =
908,184.09

4th FCOP + VCOP 100% of Design basis =
14,000,000

Revenue – Cost =
1,228,182.32

100% of Design basis =
1,400,000

Revenue – Cost =
1,325,003.20

* Design basis = total price of the obtained water from the process.

Table 10. Gross profit, discounted cash flow and cumulative net cash flow for RHFA and BFA Adsorbents.

Year
Gross Profit
(MM£)-

Depreciation
Change (£)

Taxable
Income (£)

Taxes Paid
(£)

Net Cash Flow
(£)

Discount
Factor

Present Value of Cash
Flow (£)

Cumulative Net
Cash Flow (£)

0 −93,923.84 0 0 0 −93,923.84 1 −93,923.84 −93923.84
1 −156,539.73 0 0 0 −156,539.73 0.98 −153408.9354 −250463.57
2 280,948.75 13.31 280,935 56187.08 224,762 0.96 215771.1961 −25,702
3 808,182.32 13.31 808,169 161633.80 646,549 0.94 607755.6075 620,847
4 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.92 903944.6371 1,603,395
5 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.91 894119.1519 2,585,944
6 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.89 874468.1816 3,568,492
7 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.87 854817.2112 4,551,041
8 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.85 835166.2408 5,533,589
9 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.84 825340.7556 6,516,138
10 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.82 805689.7853 7,498,686
11 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.8 786038.8149 8,481,235
12 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.79 776213.3297 9,463,783
13 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.77 756562.3593 10,446,332
14 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.76 746736.8741 11,428,880
15 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.74 727085.9038 12,411,429
16 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.73 717260.4186 13,393,977
17 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.71 697609.4482 14,376,526
18 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.7 687783.963 15,359,074
19 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.69 677958.4778 16,341,623
20 1,228,182.32 13.31 1,228,169 245633.80 982,549 0.67 658307.5075 17,324,171

NPV = 13801297.09 161135073

Gross profit, discounted cash flow & cumulative net cash flow for RHFA and BFA adsorbents
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assumes perfect conditions and does not account for all
factors and scenarios. The simulation is only as effective
as the input data and skill of the user.

5. Conclusion

In this research, the adsorption process of 2,4-dichloro-
phenol ions from the pulp and paper wastewater was
simulated using Aspen Adsorption with a packed bed
column of AC, BFA, and RHFA adsorbents. The effect of
the parameters of initial 2,4-dichlorophenol concen-
tration, bed height and feed flow rate on the adsorption
process were investigated. Based on the simulation
results, the initial 2,4-dichlorophenol concentration did
not affect the breakthrough and saturation time at the
set parameters. Increasing the flow rate reduced the
contact time between the adsorbent and contaminant,
and as a result, adsorbents saturated faster, reducing
breakthrough and saturation time. Increasing the bed
height resulted in more adsorption binding sites, hence
a longer breakthrough time and saturation time. Using
RSM, the parameters were optimised. The optimum par-
ameters were an initial 2,4-dichlorophenol concentration
of 1.22×10−4 kmol/m3, a flow rate of 2 m3/hr and a bed
height of 3.0 m, the longest breakthrough time was 534
s for AC, 426 s for BFA and 209 s for RHFA. The simulation
results show that the performance of AC and BFA were
better adsorbents than RHFA. The production capacity
of this unit is estimated as 17,520 m3/year to remove
the 2,4-dichlorophenol ions from the pulp and paper
mill effluent. Therefore, economic analysis for RHFA, BFA
and AC as absorbents have been done to meet the

higher performance and lower cost. the NPVs for all pro-
cesses were obtained with better performance. The
cumulative cash flow for scenarios 1 & 2 are calculated
as £161,135,073 and 163,843,513, respectively, over
twenty years. The company can save £87,600 per year
with the AC absorbent. The advantage of using simulation
software is it gives responses cheaper and faster than a
physical process. It allows responses from scenarios that
would be unsafe or expensive to operate. With the
correct data, the responses can be very accurate. The
limitations and cons of this method of research are the
simulation software assumes perfect conditions and
does not account for all factors and scenarios. The simu-
lation is only as effective as the input data and skill of
the user. Future work would include Investigating other
factors such as bed diameter and temperature,the
adsorption of mixed pollutants; the simulation of adsorp-
tion columns in series and pilot-scale studies.
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Table 11. Gross Profits, discounted cash flow & cumulative cash flow for activated carbon adsorbent.

Year
Gross Profit

(£)
Depreciation
Change (£)

Taxable
Income (£)

Taxes Paid
(£)

Net Cash Flow
(£)

Discount
Factor

Present Value of Cash
Flow (£)

Cumulative Net Cash
Flow (£)

0 −93,923.84 0 0 0 −93,923.84 1 −93,923.84 −93923.84
1 −156,539.73 0 0 0 −156,539.73 0.98 −153408.935 −250463.57
2 277,767.86 13.313 277,755 55550.9094 222,217 0.96 213328.2726 −28,247
3 908,184.09 13.313 908,171 181634.1554 726,550 0.94 682956.9385 698,303
4 1,325,003.20 13.313 1,324,990 264997.9774 1,060,005 0.92 975204.8048 1,758,309
5 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.91 894119.1519 2,740,857
6 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.89 874468.1816 3,723,406
7 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.87 854817.2112 4,705,954
8 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.85 835166.2408 5,688,503
9 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.84 825340.7556 6,671,051
10 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.82 805689.7853 7,653,600
11 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.8 786038.8149 8,636,148
12 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.79 776213.3297 9,618,697
13 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.77 756562.3593 10,601,245
14 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.76 746736.8741 11,583,794
15 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.74 727085.9038 12,566,342
16 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.73 717260.4186 13,548,891
17 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.71 697609.4482 14,531,439
18 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.7 687783.963 15,513,988
19 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.69 677958.4778 16,496,536
20 1,228,182.32 13.313 1,228,169 245633.8014 982,549 0.67 658307.5075 17,479,085

NPV = 13945315.66 163843513
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