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ARTICLE INFO ABSTRACT

Editor: Sadao Araki The synthesis of chemically derived bituminous-based activated carbons (ACs) was conducted in this research.
The study examined the efficacy of the KOH-2 modified AC by conducting batch experiments under different
operating settings. Pollutant concentration, adsorbent dosage and contact time were considered as variables.
Bovine serum albumin (BSA), dextrose, and methylene blue (MB) were used as model substances to represent
protein, carbon, and textile dyes, respectively. Under optimal conditions, the activated carbon modified with a
2:1 impregnation ratio using KOH showed the best performance among two other ACs, therefore, that was
introduced as chosen AC. The optimal parameters were determined as pollutant concentration, adsorbent dosage
and contact time obtained to be 600 mg/L, 0.22 g/L and 220 min; 200 mg/L, 0.6 g/L and 180 min; 200 mg/L, 1
g/L and 196 min for MB, BSA and dextrose, respectively. This AC obtained the highest adsorption capacity of
2710.6, 283, and 273 mg/g adsorbing MB, BSA and dextrose, respectively. In the following, column studies were
conducted using biologically treated wastewater obtained from a new one-stage hybrid internal circulation airlift
A20 bioreactor to eliminate soluble microbial products (SMP). It was seen that the adsorption column, which
was filled with the AC under optimal experimental conditions (bed height of 4.5 cm and solution flow rate of 5
mL/min), resulted in a decrease in residual organic substances from 35 mg-TOC/L to 6.6 mg-TOC/L. It is worth
mentioning that the utilization of an integrated approach involving sophisticated biological treatment and post-
treatment technology has demonstrated efficacy in the elimination of residual organic substances.
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(SMPs). Since the bioreactors are often implemented under non steady
state conditions due to the inevitable variations in feed flow rate and
composition. It is documented even if the bioreactor can be regarded in

1. Introduction

Biological treatment-based processes are widely and smoothly

adopted to wastewater treatment plants (WWTPs) all over the world.
Biological processes are environmentally friendly, cost-effective, and
provide high performance compared to other technologies, such as
physical, chemical, and advanced methods. However, the main chal-
lenge of biological treatment is that the effluent from wastewater
treatment plants (WWTPs) often contains a variety of soluble organic
compounds, commonly referred to as soluble microbial products

steady state conditions, the microorganisms grow under dynamic con-
ditions in various zones of the bioreactor. SMP possesses organic char-
acteristics released through bacterial secretion during biological
treatment. The SMPs are mainly including proteins, carbohydrates and
humic-like substances. Nonetheless, it is noted the proteins and carbo-
hydrates are known as main constituents of the bioreactors’ effluent.
The existence of such compounds in the treated wastewater influences
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severely following post-treatment processes, discharge level of the
effluent, environmental implications and water reuse issue.

Another common pollutant that has extremely restricted the use of
the treated wastewaters is dye molecules that are extremely water-
soluble and discharged from various industrial sections [1]. These pol-
lutants are stable and fastness against degradation, and cause numerous
injurious complications on the human health like cancer, allergy, skin
irritation, and toxicity. Taking into consideration these sever health
hazards, the employment of supplemental treatment for the biologically
treated wastewaters containing SMP and dyes is urgently required for
more widespread application of the wastewater treatment plants’
effluent.

In general, some popular technologies applied to remove the inor-
ganic and organic pollutants from aqueous environment are including
flocculation, electrocoagulation process, membrane-based filtration,
adsorption processes, and photocatalytic degradation. Although mem-
brane technology, utilizing filtration and adsorption mechanisms, has
achieved up to 98.6 % removal of methylene blue (MB) from wastewater
[2], fouling phenomenon has limited the widespread application of such
advanced technologies. Photocatalytic degradation can be considered a
fast and time-saving technology; however, the synthesis of photo-
catalysts is expensive, complex, and time-consuming. The significant
production of sludge and the formation of large particles in the coagu-
lation/flocculation process pose considerable challenges [3,4]. The ad-
vantages and disadvantages of various technologies can be found in the
literature [4]. Of these methods, the adsorption processes are more
effective and efficient to remove dyes and other pollutants [5]. More
importantly, the adsorption processes is a clean technology to some
extent, and don’t produce the sludge like coagulation-assisted treatment
methods [6]. Regarding the various adsorbents, the porous carbon
entitled activated carbon (AC) is known as the preferred adsorbent
owing to benefiting from distinguishing structural characteristics i.e. the
large surface area, porous structure, the abundant functional groups and
high surface reactivity [7,8]. Nowadays, the increase in introduction of
varied pollutants and their discharge into the water sources and the
strict environmental regulations led to the increase in the demand of the
AC production. Coal, agricultural wastes, industrial reminds and lignite
are commonly employed as potential precursors to synthesize the acti-
vated carbon [9]. As an example, pore size distribution of commercial
granular activated carbons (GAC) produced from bituminous, coconut,
and lignite on removal of the methyl tertbutyl ether (MTBE) from water
at ppb concentrations and the absence of natural organic matter (NOM)
was surveyed [10]. In this study, the parent activated carbons provided
commercially were tailored using thermal and gas treatment. The
methylene blue (MB) molecules with 700 mg/L concentration were
successfully removed (99.95 %, 350 mg/g) from aqueous solution using
2 g/L of cork-based AC with size of 30-50 pm [11]. In this study, ac-
cording to the heterogeneity factor (n > 1), the physical adsorption
mechanism was favorable. The favorable AC was activated by partial
replacement of alkaline wastewater with commercial NaOH as activator
(50:50 Vol%) after 5 min. Kumar et al. obtained an efficient activated
carbon with enhanced structural features (large surface area of 2869
m?/g and high pore volume of 1.96 cm®/g) to remove organic pollutants
(MB and phenol) from aqueous media. The adsorption of MB occurred
through three primary mechanisms i.e. electrostatic interaction,
dispersive interaction, and pore size distribution or molecular sieving.
Nonetheless, chemical activator used in this study (ZnCly) was not
environmentally friendly caused health and environmental risks [5].
Also, Wang et al., fabricated an activated carbon from sodium carbox-
ymethyl cellulose as a green feedstock with chemical activator of ZnCly
for dye removal from the water [12]. The high surface area (2429.76
m?/g) and the nature of various tested dyes (methyl violet, allura red
and congo red) influenced on the adsorption capacity. The adsorption
process was adopted by double layer adsorption model. Also, commer-
cial bituminous-based GAC tailored with the ZrO, nanoparticles
removed simultaneously arsenic and methylene blue from water related
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to the enhanced surface area and ZrO5 accessibility compared to tailored
lignite-based GAC [13]. The MB adsorption was controlled by pore size
distribution, the size of hydrated MB molecule, and physical blockage of
AC surface in the macro-pore range. This study revealed the proper se-
lection of the GAC influences on the adsorption capacity. The com-
mercial GACs with different sources (bituminous, lignite and wood)
were tailored by iron via various protocols (oxidation using various
oxidants, precipitation and evaporation) to remove arsenic from ground
water over continuous experiments [6]. From the results, the GACs
preloaded with iron using precipitation and evaporation showed the
breakthrough volume bed of 25,000-34,000 BV with effluent concen-
trations of 10 ppb. The adsorptive microcrystalline nanocellulose-based
nanofiltration membrane exhibited a chemisorption mechanism when
tested with methylene blue (MB) as the adsorbate [14].

Based on literature review, this study was the first report regarding
the removal of residual COD and SMP from effluent of a one-single
hybrid dual internal circulation airlift A20 (DCAL-A20) bioreactor
treating milk processing wastewater (MPW) using activated carbons
(AC) chemically synthesized from bituminous-based coal [15]. In
addition, the function of the synthesized ACs in adsorption of MB from
aqueous solutions was studied. It is worth noting that Iran has abundant
bituminous- coal-based mines that currently lack significant applica-
tions. Utilizing bitumen as waste for the production of activated carbon
offers a valuable way to create an added-value product. Specifically, the
precursors of existing commercial activated carbons are being depleted,
making bitumen a promising alternative. Consequently, employing
bitumen as a low-cost precursor can substantially lower operational
costs and mitigate the environmental impact associated with the
removal of residual organic matter and dyes from wastewater.

2. Experimental
2.1. Demineralization and pre-oxidation of the bituminous-based coal

In this study, bituminous-based coal received from a mine located in
Kermanshah, Iran was employed as precursor to synthesize the activated
carbon. To get the favorable size of precursor (150-250 pm), the coal
was crushed and sieved. Then, demineralization process was conducted
over treatment of precursor with HCI (20 %) and HF (25 %) to remove
the interference of the ash [16]. To get this purpose, firstly the raw coal
and the aqueous solution of HCI (20 %) were stirred continuously at
60 °C for 2 h. The choline ions were removed from the mixture over
filtration and successive washing with hot distilled water. Afterwards,
the same procedure was repeated with aqueous solution of HF (25 %) to
complete the demineralization process. Finally, the demineralized and
acid-treated coal was air-dried at 110 °C and maintained in a desiccator.
In continuation, the pre-oxidation process was conducted on the dem-
ineralized coal in a muffle furnace under air at 573 K for 12 h. Further,
the demineralization process was repeated for the pre-oxidized coal
according to the same procedure described for the raw coal. The prox-
imate analysis was carried out for the raw coal, the demineralized raw
coal, the pre-oxidized raw coal, the demineralized acid-treated coal, and
acid-treated demineralization coal.

2.2. Activated carbon synthesis

The activated carbon-based adsorbents were chemically manufac-
tured using pre-oxidized bituminous-based coal then acid treated (the
pre-oxidized demineralized coal) as precursor using KOH, K>CO3 and
H3POy as chemical activators over a one-step process [31]. The modified
precursor was impregnated with chemical activator at various weight
ratios (1:1, 2:1 and 3:1) and mixed for 24 h. Then, the impregnated
components air-dried in an oven (at 110 °C for 24 h) were placed in a
tubular furnace at activation temperature and time of 800 °C and 1 h,
respectively. The heating rate and N, gas flow rate were adjusted at
5 °C/min and of 200 mL/min, respectively. Next, any impurities were
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removed from the synthesized activated carbons over successive
washing with hot and cold distilled water until the neutral pH. Even-
tually, the final ACs were obtained after being dried in an oven at 110 °C
for 24 h.

2.3. Reagents and analytical methods

Methylene blue (MB), bovine serum albumin (BSA) and dextrose as
adsorbate were purchased from Merck Company, Germany. These ad-
sorbates were employed as models dye, protein and carbohydrate [17],
respectively, to evaluate the capacity of the activated carbons in
removing textile dyes and residual COD as SMP from the wastewater
treatment plants. To treatment of precursor, HCI (37 %) and HF (40 %)
were provided from Merck Compamy, Germany. Chemical activators of
KOH (>99 %), K2CO3 (>99 %) and H3PO4 (85 %) were purchased from
Merck company, Germany.

The MB concentration was obtained spectrophotochemically by
UV-Visible spectrophotometer. To determine the contents of protein
and carbohydrate of SMP, the Lowry and the phenol-sulfuric acid
methods, respectively, were followed [18,19]. The TOC amounts were
detected through the combustion- infrared method using a TOC analyzer
(TOC-5000A, Shimadzu).

2.4. Characterization of precursor and synthesized activated carbons

Fourier Transform Infrared (FTIR) spectroscope (FTIR — AVATAR
370, Thermo Nicolet) was employed to characterize the functional
groups. For investigation of the thermal behavior of the raw bituminous-
based coal, TGA/DTA analysis was recorded by a Pyris Diamond Ther-
mogravimetric analyzer (PerkinElmer, UK). The textural characteristics
of the activated carbon including specific surface area (Sggr), micro- and
meso-porosity, were determined through Ny adsorption/desorption tests
at 120 °C (Micromeritics ASAP 2010). Scanning electron microscopy
(SEM) images were taken to study the surface morphology of the syn-
thesized activated carbons (ProX, Phenom, Netherland). Before SEM
imaging, in order to enhance visibility of the surface morphology, the
activated carbon samples were covered with gold.

2.5. Batch adsorption experiments

Initially, the preliminary experiments were conducted as batch wise
to determine the optimum activated carbon among three various sets of
the activated carbons synthesized using three chemical activators i.e.
KOH, K»CO3 and H3PO4 with impregnation ratios of 1:1, 2:1 and 3:1,
and dosage of 0.2 g/L from each adsorbent and 100 mL of MB solution
with initial concentration of 600 mg/L. The adsorption experiments
were done at contact time and agitation speed of 3 h and 200 rpm,
respectively, under ambient temperature without setting pH. The KOH-2
impregnated AC (2:1) revealed the uppermost function (as dye removal
and adsorption capacity) over the others. In the following, batch ex-
periments were conducted to screen the activated carbons impregnated
with KOH and determine the optimum activated carbon using two other
adsorbates namely bovine serum albumin (BSA) and dextrose as model
protein and carbohydrate, respectively. Accordingly, the functionality of
the synthesized activated carbons impregnated with varied ratios of
KOH to precursor as 1:1, 2:1 and 3:1 was investigated in a set of six
erlenmeyers using 100 mL of BSA and dextrose with initial concentra-
tion of 200 mg/L, 0.5 g/L of each adsorbent, contact time and agitation
speed of 3 h and 200 rpm, respectively, under ambient temperature
without setting pH. The activated carbon impregnated with ratio of 2:1
was recognized as the optimum activated carbon to conduct the rest of
the batch adsorption experiments. Using spectrophotometric ap-
proaches and employing the Lowry and the phenol-sulfuric acid
methods, the extents of protein and carbohydrate, respectively, were
analyzed [18,19]. The absorbance of MB, BSA and dextrose adsorbates
upon the adsorption process were measured using UV-Visible
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spectrophotometer at Apax of 664, 750 and 490 nm, respectively. The
function of KOH-2 impregnated activated carbon as a chosen adsorbent
was then optimized as adsorbent dosage, initial adsorbate concentration
and contact time for three adsorbates (MB, BSA and dextrose) at con-
stant agitation speed of 200 rpm under ambient temperature without
setting pH over batch adsorption experiments described in the following
[20].

To study the impact of initial adsorbate concentration, the batch
experiments were accomplished at various initial concentrations of ad-
sorbates as the MB (300, 400, 500, 600, 700, 900 & 1000 mg/L), BSA
(100, 200 & 300 mg/L) and dextrose (100, 200 & 300 mg/L) at constant
adsorbent dosage (0.2, 0.5 and 0.5 g/L for MB, BSA and dextrose,
respectively), contact time (3 h) and agitation speed (200 rpm). To get
optimal dosages of adsorbent, adsorption function of KOH-2 impreg-
nated AC was checked at 0.1-1.0 g/L, 0.2-1.0 g/L and 0.5-1.5 g/L for
MB, BSA and dextrose, respectively, at optimum initial concentration of
adsorabates and other variables considered to be constant (contact time
of 3 h and agitation speed of 200 rpm). In the following, the contact time
was optimized for each adsorbate at the optimal values obtained for
various parameters (initial concentration and adsorbent dosage). In each
optimizing step, the function of the chosen AC (KOH-2 AC) was evalu-
ated as the removal efficiency (R, %) and the adsorption capacity using
the following equations [21]. To be noted, the adsorption capacity was
determined at equilibrium state (qe, mg/g) and time t (q, mg/g).

R (%) :MX 100 (@9)]
0
Co—Ce) xV

q(mg/g) = % @

here, Cy and C, are defined as the initial and equilibrium concentrations
of various adsorbates (mg/L), respectively. V and M refer to solution
volume (L) and adsorbent dosage (g), respectively.

2.6. Adsorption kinetic and isotherm studies

In this section, the experimental data were fitted with popular
models to examine the kinetics and isotherms. For finding the control-
ling mechanism of the adsorption process, intra-particle diffusion model
was employed (Eq. (3)) [22].

q, =Kt*°+C (3

here, q;, K, %5 and C are representative of the adsorption capacity (mg/
g) at time t (min), rate constant (mg/g min!/ 2), half-time (min®®) and
the intercept, respectively. To study kinetics of the adsorption process,
the pseudo-first order (Eq. (4)) and the pseudo-second order (Eq. (5))
models commonly used were employed [23,24].

ln(qe - qt) = lnqe - klt 4

LA <l>t ®)
@ ke \q

where, ki, ko and t are representing the equilibrium rate constants (1/
min) and kinetic rate constant (g/min/mg), respectively. q. and t are
related to equilibrium adsorption capacity (mg/g) and time (min),
respectively.

Langmuir, Freundlich, and Temkin isotherms were employed for
isothermal studies. In Langmuir isotherm, there are some assumptions;
(1) energy of the adsorption process is assumed to be uniform, (2) there
is no interaction between adsorbate-adsorbate, and (3) the adsorption
process is monolayer [25]. Langmuir isotherm model is expressed as
below [25].

_ quLCe

Q=717 k.Ce (6)
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here, ki, refers to Langmuir constant (L/mg) elucidating the adsorption
energy. qe and qm reveals equilibrium and maximum adsorption ca-
pacities (mg/g), respectively. Ce is in the relation with adsorbate con-
centration (mg/L) under the equilibrium conditions. Langmuir equation
can be linearized as follows.

Ce 1 Ce
e _ 4= (@]
¢S KLqrn Am
Freundlich isotherm model is defined using Eq. (8).
1
q. = keC? ®)

here, kr and n indicate the adsorption and intensity capacity, respec-
tively. The equation can be linearized as follows.

Inq, = Inkg +%lnCe )

Temkin isotherm model is defined utilizing Eq. (10) [26].

a. = Min(acy) 10)
br

here, T and R display temperature (K) and gas constant (J/mol.K),

respectively. A and by refer to Temkin constant (L/mg) and the

adsorption heat (J/mol), respectively. The relevant equation can be

linearized as follows.

q. = Bln(A) + BInC. an
RT
P

2.7. Dynamic studies

The dynamic studies implying to fixed-bed column experiments were
conducted in a glass cylindrical tube. Internal diameter and total height
of the glass cylindrical tube was measured to be 1.1 cm and 30 cm,
respectively. The optimal AC at various bed heights was packed in the
glass cylindrical tube between two plugs of cotton supported by glass
beads (Fig. 1).

The studied variables in this section were defined to be bed heights
(1.5, 3, 4.5 cm) and solution flow rates (5, 10 and 15 mL/min). Upon
dynamic studies, the effluent from the selected airlift dual internal cir-
culation A20 bioreactor without changing the pH (6.5-7) was contin-
uously fed to the adsorption column as upward flow with the aid of a
peristaltic pump under room temperature. The sample was taken from
various sampling sites for each bed height at pre-determined time in-
tervals and analyzed as protein and carbohydrate contents. The behavior
of the fixed-bed column over dynamic adsorption process using the
secondary effluent containing protein and carbohydrate as a real
adsorbate under optimum experimental conditions was examined by
breakthrough (BT) curves. The total adsorbed solute mass (qotal, Mg)
can be obtained by measuring the area underbeneth the breakthrough
plot via integrating the plot considering a given adsorbate concentration
and flow rate (Q) employing the equation below.

Q t=ttotal
= 2qdt 12
Qeotal 1000 [ o Cad (12)

where, Q and C,q are defined as the flow rate (mL/min) and the
adsorbed solute concentration (Cy-C;) at the end of the total flow time till
exhaustion time (tyota], min), respectively. The adsorption capacity in the
activated carbon bed (qped, mg/g) was determined using the equation
below.

qoa
Gped = tTtl 13)
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Adsorption column (From bottom to up):
Glass beads

Cotton

Activated carbon

Cotton

Glass beads

Peristaltic pump
g ey

|

Fig. 1. A picture of the adsorption column.

where, qota] and w refer to the total adsorbed solute mass (mg) and
adsorbent dosage used for each bed height (g), respectively. The total
adsorbate mass (myota1, g) passed through the adsorption column and the
adsorbate removal percentage (R, %) can be measured by the following
equations using the parameters defined already.

CoQt

Myotal = (i%()t;))tal (14)

R = Joal , 190 (15)
Myotal

3. Results and discussion
3.1. Characterization of the bituminous-based coal

The characteristics of the raw and modified bitumen precursors
(acid-treated and pre-oxidation) are tabulated in Table 1. In general, the
pre-treatment of the raw precursor with acid (HCI and HF) led to the
reduction of the ash contents while the pre-oxidation process enhanced

Table 1

The results of proximate analysis obtained for the raw and modified bitumen.
Type of modification/proximate ~ Moisture ~ Ash Volatile Fixed
analysis (Wt%) matter carbon
Raw precursor 0.83 10.76  59.09 29.32
Pre-oxidized precursor 3.05 10.62  37.58 48.74
Acid treated precursor 0.82 0.81 67.13 31.24
Treatment with acid then 217 1.56  36.19 60.08

oxidation

Oxidation then treatment with 1.8 0 47.78 50.42

acid
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the fixed carbon contents. From the Table, the precursor firstly pre-
oxidized under heat then treated with acid showed the remarkable
reduction in the ash context, and the increase in the fixed carbon
compared to the others, therefore, it was considered for further studies.

3.2. Characterization of the synthesized ACs

The temperature behavior of the raw bituminous-based coal was
investigated using TGA analysis (Fig. 2). From the Figure, an increment
in temperature led to a two-step weight loss. Based on other reports,
over carbonization process, moisture and volatile lumps were removed
from the body of raw precursor [27]. The sharp peak observed from the
Figure was ascribed to volatile evolution due to the presence of tar
probably known as predominant product of devolatilization process.

The surface morphological features of the prepared ACs are denoted
in the Fig. 3. Clearly from the Figure, the surface appearance of the KOH
impregnated ACs was approximately intact that might be owing to the
strong interaction of the KOH with pre-modified bitumen precursor
[28,29]. However, in high impregnation ratio (3:1), some small pits
were observed on the surface of the AC attributed to the carbon gasifi-
cation [27].

The FTIR results of the prepared ACs are indicated in Fig. 4. Obvi-
ously, the FTIR spectra were similar for all the ACs. The wide peak of
around 3500 cm ™! was assigned to the stretching vibration of OH. The
peaks of around 2857 and 2949 cm ™! were ascribed to the asymmetric
stretching vibration of G—H bond [28]. Peak appeared at 1726 cm™!
belongs to C=0 stretching vibration [30]. The peak of 1630.21 cm™*
was related to the existence of the adsorbed H,0 molecules [31]. Sharp
peak of 1089 cm™! was attributed to C—O—C stretching vibration of
ethers [30]. The peaks appeared below 900 nm are assigned to the
stretching vibration of C—H and C—C [32].

The textural features of the prepared ACs are including specific
surface area (determined by BET method (Sggr)), microporosity volume
(Vmic), mesoporrosity volume (Vpes), total volume (Viota)), pore diam-
eter (Rp) and yield. The obtained results are given in Table 2. Evidently,
all the prepared activated carbons showed the improved textural prop-
erties compared to the commercial activated carbon (CAC). The increase
in impregnation ratio up to 2:1 led to the increment in Sggr owing to the
enhancement in microporosity. According to Heidari et al., the usage of
KOH as activator brought into the considerable increment in the Sggr
due to the formation of micro- and sub-microporosity over carbonization

110

100

90

80

70

Weight(%)

60

50

40

30

T T T T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 2. TGA analysis of the raw bitumen precursor.
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process [33]. In overall, substantial factors like the Spgr, type and
amount of pore volume influence on the uptake of the various con-
taminations by the activated carbon-coupled adsorption processes.
Based on the results, rising the impregnation ratio to 3:1 (activator to
precursor mass ratio) gave rise to the reduction in Sggr due to the
development of mesoporosity. Such statements were come up by Heidari
et al. using impregnation ratio of 2.5 as ZnCl; to eucalyptus mass ratio
[33]. In addition, by increasing impregnation ratio, the produced acti-
vated carbon yield was decreased.

3.3. Performance of the prepared activated carbons in batch experiments

This section includes two main stages, in the first stage, the optimum
AC was selected among the various activated carbons impregnated with
different ratios of KOH and bitumen i.e. 1:1, 2:1 and 3:1 using three
adsorbates of MB, BSA and dextrose. In the second stage, the impact of
the influential variables such as the AC dosage, initial adsorbate con-
centration and contact time is checked on the performance of the opti-
mum activated carbon to find the desired adsorption experimental
conditions.

3.3.1. Determination of the optimum activated carbon

Based on the experimental conditions defined in the preceding par-
agraphs, the KOH-2 impregnated activated carbon was chosen as the
optimum activated carbon on the basis of the highest adsorption ca-
pacity and pollutant removal as MB, BSA and dextrose. In general,
although the KOH-3 impregnated activated carbon showed a litter better
performance over 2:1 ratio, in order not to consume a significant dosage
of activator, the 2:1 ratio was chosen as an optimal ratio. The
improvement in MB, BSA and dextrose removal was in association with
the enhanced mesoporosity and microporosity. It should be mentioned
the activated carbons prepared from chemical activator of KOH were
selected as optimum adsorbents among other activated carbons pro-
duced by chemical activators of KoCO3 and H3PO4 over preliminary
studies conducted using 600 mg/L of MB and 0.2 g/L of each adsorbent
dosage for contact time of 3 h (obtained data are not presented here).
The obtained findings are presented in Table 3.

3.3.2. The effect of the AC dosage

Note that in this study, the adsorption study was conducted at 200
rpm agitation speed and room temperature. The KOH-2 impregnated AC
dosage was optimized at constant initial concentration of MB (600 mg/
L), BSA (200 mg/L) and dextrose (200 mg/L). The range of the studied
AC dosage was 0.1-1, 0.2-1.0 and 0.5-1.5 g/L for MB, BSA and dextrose,
respectively. Fig. 5 reveals the influence of the activated carbon dosage
on the adsorption capacity and removal percentage using MB. From the
Figure, the optimum AC with 0.2 g/L showed the best behavior as
mentioned responses due to presence of vacant sorption surface sites and
adequate driving force. After this point, the dye removal was not
changed remarkably, while, the adsorption capacity reduced sharply
owing to reduced driving force in the mass transfer that stem from
decreased concentration gradient. To get the exact mass of the adsor-
bent, the AC dosage was narrowed into two amounts i.e. 0.21 and 0.22
g/L. According to the Fig. 5, the 0.22 g/L value was optimal as a result of
high adsorption capacity and dye removal efficiency. From the Fig. 6, it
was found that the rise in the activated carbon dosage up to 0.6 and 1 g/
L resulted in the considerable elimination and reasonable uptake ca-
pacity using BSA and dextrose adsorbates, respectively. However, nar-
rowing adsorbent dosage for both adsorbates showed no significant
impact on the relevant responses. Therefore, 0.6 and 1 g/L was selected
as the optimum value for BSA and dextrose adsorbates, respectively. In
this study, considering in the first stage of this part (determination of
optimum activated carbon), the functionality of the AC for the dextrose
adsorbate was not as high as the BSA, so, the higher range of the
adsorbent dosage was taken account (0.5, 1 and 1.5 g/L). In general,
optimization of activated carbon dosage was done based on two
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Fig. 3. The SEM images of ACs chemically prepared using modified bitumen precursor and KOH at three impregnation ratios of (a) 1:1, (b) 2:1 and (c) 3:1.

substantial factors; reaching the best performance along with saving
adsorbent dosage.

3.3.3. The impact of the initial adsorbate concentration

The function of KOH-2 impregnated AC was assessed at various
initial concentrations using three adsorbates (i.e. MB; 300-1000 mg/L,
BSA and dextrose each with 100-300 mg/L) as indicated in Fig. 7. The
experiments were carried out using optimum amounts of adsorbent
dosage obtained for each adsorbate at agitation speed of 200 rpm under
ambient temperature. From the Figure, a drastic increment in the
adsorption capacity for three adsorbates was found by increasing the
adsorbate concentration at the initial stage. The increase in concentra-
tion gradient leading to the improvement in the driving force and
mitigation in the mass transfer resistance justified these results.
Whereas, the sorption active sites facing high pollutant concentrations
were occupied leading to the reduction in the dye removal. The initial
concentrations of 600, 200, and 200 mg/L were found as optimal values
for the MB, BSA and dextrose, respectively. Kumar et al., concluded the
pollutant removal as MB and phenol decreased from 99.95 to 77.49 %
and 99.19 to 75.37 %, respectively, at 100-500 mg/L [5]. The equilib-
rium adsorption capacity of 249.88-968.74 mg/g and 19.84-75.37 mg/
g was achieved at 100-500 mg/L for MB and phenol, respectively.

3.3.4. The impact of contact time

The function of the optimum KOH-2 impregnated AC in adsorption of
three various adsorbates was evaluated at various contact times to reach
the equilibrium time. The achieved findings are exhibited in Fig. S1.
Clearly, a remarked increase in the adsorption capacity and pollutant
removal efficiency were obtained at the first time of the adsorption
process. Then, the relevant responses were increased in a slow speed by
passing time due to the reduction in the concentration gradient as
driving force and occupation of sorption active sites on the AC surface,
leading to the reduction in the mass transfer phenomenon [4]. This
growing trend would slowly continue until reaching the equilibrium
state, then stop. This statement was supported by literature [4,5,34].

The outcomes of this study showed that the adsorption intensity
related to the equilibrium time was less than results reported by Kumar
et al. where the authors could reach the equilibrium time within the first
10 min, 60 min and 60 min for MB with the concentration of 100 and
500 mg/L, and any concentration of phenol (100-500 mg/L), respec-
tively [5]. From the Figure, the equilibrium time was obtained at 220
min, 180 min and 196 min for MB, BSA and dextrose with initial con-
centrations of 600, 200 and 200 mg/L, respectively. The adsorption
capacity and pollutant removal efficiency as MB, BSA and dextrose were
gained to be 2711 mg/g and 99.4 %, 283 mg/g and 84.9 %, and 164 mg/
g and 82 %, respectively, at relevant equilibrium time. The functionality
of the KOH-2 impregnated AC recognized as the selected one and
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Fig. 4. The FTIR spectra obtained for the activated carbons impregnated with Fig. 5. The adsorption capacity and MB removal efficiency of KOH-2 impreg-

KOH at ratios of 1:1, 2:1 and 3:1. nated AC at various adsorbent dosages (a) 0.1-1 g/L, and (b) 0.2-0.22 g/L
(initial MB concentration of 600 mg/L and contact time of 3 h).

Table 2
Textural parameters of prepared ACs. 120 600
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% . 100 500 %"
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KOH-2  12.4 14208 075 0.42 093 261 8073 g 60 300 §
KOH-3 6.7 1387.8 0.78 0.62 0.97 2.78 80.26 % S
CAC - 907.6  0.42 0.06 048 037  86.54 % 40 2008
3
20 100 -ﬁ
Table 3 0 0
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Fig. 6. The adsorption capacity and removal efficiency of KOH-2 impregnated
AC at various adsorbent dosages using (a) BSA and (b) dextrose (initial con-

commercial activated carbon (CAC) was compared under optimum
centration of 200 mg/L for each adsorbate and contact time of 3 h).

conditions. The obtained findings are given in Table S1. From the re-
sults, the selected AC denoted the superior function upon adsorption of
MB, BSA and dextrose over CAC. Vakili et al. reported maximum
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Fig. 7. The adsorption capacity and pollutant removal efficiency of the KOH-2
impregnated AC using (a) MB, (b) BSA, and (c) dextrose (at 0.22, 0.6 and 1 g/L
for MB, BSA and dextrose, respectively, at contact time of 3 h).

adsorption capacity of 307.4 mg/g with 400 mg/L MB using physically
synthesized walnut shell-based AC [4]. In another study, the maximum
adsorption capacity of 968.74 mg/g and 75.37 mg/g for 500 mg/L of MB
and phenol, respectively, was reported [5].

3.4. Kinetic studies

In order to describe the solute adsorption rate and control the resi-
dence time of adsorbate at the activated carbon-adsorbate solution
interface, the kinetic studies were carried out. Results of pseudo-first
order, pseudo-second-order and intraparticle diffusion along with ki-
netic parameters for three adsorbates (MB, BSA and dextrose) onto the
optimum KOH-2 impregnated AC are displayed in Figs. S2 and S3, and
Table S2. From the Figures and Table, the similar trend was observed in
kinetic models all the studied adsorbates. The experimental data showed
the upmost fitness with pseudo-second order model with the highest R2
of 1, 0.9816 and 0.9835 for the MB, BSA and dextrose, respectively. In
addition, in pseudo-second order model, theoretical value of (q.) was
similar to the experimental value (qe). From the literature, the more
fitness of the experimental data with the pseudo-second-order confirms
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the chemisorption mechanism that is the rate-limiting step, resulting in
stronger binding and higher removal efficiency [2,35-37]. The chemi-
sorption process involves the sharing of electrons and the formation of
valence forces [4]. The fit with the pseudo-second-order model suggests
that the adsorption rate is governed by the adsorption sites on activated
carbon [38]. Further, intraparticle diffusion model was employed to
verify the intraparticle diffusion mechanism for three studied adsorbates
with the linear plots and high R?, showing intraparticle diffusion model
has an important contribution in the adsorption process [4]. Moreover,
the high values of the rate constant in the intraparticle diffusion model
can serve as evidence of strong adsorptive interactions between the
adsorbate and the adsorbent [4]. According to the literature, if the C
value in the intraparticle diffusion model is zero, the adsorption process
rate is entirely controlled by intraparticle diffusion [4]. In this study, the
C values were greater than zero, which is consistent with findings re-
ported in the literature [4,5,37]. This result indicates that the intra-
particle diffusion model is not the sole rate-limiting step [37,38]. The
kinetic findings were in a good consistence with outcomes obtained by
Kumar et al. who used MB and phenol as adsorbate [5]. The kinetic
study is vital for designing and optimizing the adsorption process, as it
helps determine the contact time and adsorption rate under varying
conditions [35,36]. From the Table, the rate constants showed good
agreement with the values reported in the literature [4].

3.5. Isotherm studies

At equilibrium conditions, the isotherm studies help describe how
the adsorbed solutes are distributed between solid phase (activated
carbon) and liquid phase (adsorbate solution). The results of the
experimental data fitting with isotherm models i.e. Langmuir, Frundlich
and Tempkin along with isotherm parameters for three adsorbates are
revealed in Fig. S4 and Table S3. In overall, the validation of the
isotherm models was confirmed by linear plots. The fitness degree of the
experimental data with the employed isotherm models were estimated
by R? values. From the Table, the adaptation level of various isotherm
models for the three adsorbates in terms of the increase in R? values is in
the order of Langmuir >Tempkin > Freundlich. A comparable trend was
noted in the literature, where methylene blue (MB) and phenol served as
adsorbates, utilizing walnut-based activated carbon (physically synthe-
sized) and fox nutshell-based activated carbon (chemically synthesized)
[4,5].

3.6. Continuous studies

3.6.1. The impact of the AC bed height

The effect of the AC bed height on the breakthrough curves for
protein and carbohydrate adsorbates known as main constituents of
soluble microbial products (SMP) from selected bioreactor’s effluent
(the hybrid dual circulation airlift A20 (DCAL-A20) bioreactor) at
constant flow rate is displayed in Fig. S5. Evidently, both the break-
through and exhaustion time were lengthened by increasing the bed
height. According to Kumar et al., the rise in the breakthrough time with
the bed height could be in relation with the increase in the distance [5].
In this condition, the mass transfer zone is considered to move from the
entry point of the adsorption column bed to the outlet [5]. The enhanced
adsorption capacity for both adsorbates (protein and carbohydrate) with
the increment in the bed height was ascribed to the large specific surface
area of the AC and enhanced sorption active sites [5]. Furthermore, at
exhaustion time, the increase in the AC mass corresponded with the rise
in the bed height resulted in the increment in the treated volume of the
biologically treated wastewater per unit mass of the AC. The results
gained are presented in Table S4. Based on the obtained outcomes, 4.5
cm was considered as optimum bed height for further experiments.
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3.7. The impact of the feed flow rate

The adsorption behavior of optimum KOH-2 impregnated AC was
assessed under the varied feed flow rates and optimal bed height of 4.5
cm using the effluent from the hybrid ALDC-A20 bioreactor treating the
milk processing wastewater (MPW). The obtained experimental data
were processed and denoted as the breakthrough curves in Fig. S6.
Obviously, from the Figure, the increase in the flow rate was impacted
on the adsorption function negatively via the mitigation in the break-
through and exhaustion time as well as the reduction in the adsorbate
removal. The reason behind such observations was ascribed to lack of
the sufficient residence time for diffusing the adsorbate into the internal
AC-based adsorbent pores [5,39,40].

As a conclusion, adsorption column revealed the best performance
under optimum experimental conditions achieved at the bed height and
the feed flow rate of 4.5 cm and of 5 mL/min, respectively.

Performance investigation of the selected AC as post-treatment of
biologically treated milk processing wastewater and comparative study
with literature were discussed in supplementary file.

4. Conclusions

In this research, the bituminous-based ACs were chemically synthe-
sized using various activators i.e. KOH, Ky;CO3 and H3PO4 with
impregnation ratios of 1:1, 2:1 and 3:1. From the screening studies
performed over the batch experiments, the KOH-2 impregnated acti-
vated carbon was chosen as the optimum adsorbent. According to the
obtained results, the chosen AC gained the highest adsorption capacity
of 2710.6, 283, and 273 mg/g adsorbing MB, BSA and dextrose,
respectively. In the following, the fixed-bed column studies were con-
ducted using the optimum activated carbon under varied experimental
conditions as bed height and flow rate to remove the residual organic
matters from the hybrid dual internal circulation airlift A20 (DCAL-
A20) bioreactor’s effluent treating milk processing wastewater. Based
on the findings, the chosen AC showed the best performance at the bed
height of 4.5 cm and flow rate of 5 min/ml with the highest break-
through time of 480 and 380 min for the protein and carbohydrate,
respectively. The adsorption column reduced successfully the residual
organic matters contents from 35 mg-TOC/L to 6.6 mg-TOC/L as well as
the significant mitigation in the microbial burden. Totally, utilizing low-
cost waste materials like bitumen as precursors enhances economic
feasibility by transforming industrial waste into valuable resources,
promoting sustainability, and reducing raw material costs. However, to
advance the application of bitumen-based activated carbon (AC), an
economic evaluation is necessary and will be addressed in future work.
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