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ABSTRACT

The continuous discharge of metal-containing wastes into the aquatic system leads to a hazard-
ous impact onto the environment and human health. This study investigated the preparation of
activated carbon derived from palm-date stone using H,SO, and KOH impregnation followed by
microwave-induced irradiation for the adsorption of Fe*, Cd*, and Cu* from solution onto the
fixed-bed column. The characterization of prepared adsorbents using scanning electron microscopy,
X-ray diffraction, and Fourier transform infrared spectroscopy showed changes in the structure
functional groups between adsorbents according to the used activating agent. Factors that char-
acterize the breakthrough curves and influence the adsorption capacity including bed depth, flow
rate, and initial ion concentration were studied. The maximum adsorption capacity is from 11.45
for Cd* to 85.12 mg/g for Cu* onto H,SO, impregnated activated carbon (AC1). Adsorption kinet-
ics were analyzed using Thomas, Adam-Bohart, and Yoon-Nelson models at a flow rate of 1 mL/
min, bed depth of 3 cm, and initial concentrations of 12.5, 1.5, and 3.3 mg/L for Fe*, Cd*, and Cu?,
respectively. Models exhibited good agreement with results experimentally obtained. Statistics
showed that both KOH impregnation obtained adsorbent (AC2) and AC1 have similar (p > 0.05)
fixed-bed adsorption performance.
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1. Introduction

The increased use of organic and inorganic chemi-
cals has caused more spreading of hazardous substances
in environment, particularly to our water systems [1,2].
One group of the contaminant is the non-biodegradable
and highly toxic heavy metals [3]. Heavy metals discharge
mainly from industrial and agricultural activities, leachate
from landfill or naturally occur within the geochemistry

* Corresponding author.

structure of the catchment. They have the potential to cause
harm to environment and human life even at low concen-
trations [4-6]. For example, it was reported that exposure
to high levels of heavy metals may cause many diseases
starting from oral and stomach ulcers to kidney failure and
cancer [7]. Environmentally, they were found to affect the
microbial community structure in soil under different con-
tamination levels [8]. Therefore, and due to stringent regu-
lations and water scarcity, there is a great need to develop

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



140 O.S.A. Al-Khazrajy et al. / Desalination and Water Treatment 221 (2021) 139-151

efficient and simple approaches to remove heavy metals
from waterways or discharge points.

Conventional techniques have been used for the removal
of heavy metals from their aqueous solutions including
coagulation, ion exchange, membrane separation, reverse
osmosis, solvent extraction, chemical precipitation, and
electro-flotation [9]. At concentrations lower than 10 mg/L,
these methods showed high efficiency for the removal
of heavy metals from their solutions but reported cost-
inefficient at higher concentrations [10]. However, compli-
cations and the high cost of the treatment process increase
the disadvantages of these techniques. Compare with other
treatment methods, adsorption as a single step method
appears to be an attractive process for the removal of heavy
metals from aqueous solution [11].

Recently, the research interest has prompted towards
low cost, natural, and safe materials for the purification
and removal of heavy metals and other contaminants from
water solutions [9,12,13]. Carbonaceous materials such as
activated carbon are the widely used adsorbents for the
removal of those contaminants due to their high surface
area, pore structure, and high surface content of functional
groups [14]. Due to low cost, adsorption of heavy met-
als from their solutions using activated carbon prepared
from biomass, for example, bamboo [15], wheat straw [16],
gooseberry seeds [17], and rice husk [18]. The palm dates
by-products are highly available in the Middle East area
that was used for the removal of heavy metals [2,19].

Besides, physicochemical properties of the precursors
used for the preparation of activated carbon, the activa-
tion method is highly important [20]. Conventional (phys-
ical and chemical) methods for activated carbon prepara-
tion are highly used, but microwave-induced methods as
alternative technology showed promising results due to
its selectivity, uniform, and volumetric heating, and time
and energy consuming efficiency [3,20]. On the other hand,
heating using conventional methods needs a long prepara-
tion process, thus leading to greater energy consumption
[21]. Moreover, in the microwave, pre-dried biomass to
less than 10% is not required as in fluidized bed pyrolysis
since moisture is a good adsorbent of microwave irradia-
tion [22]. Despite the growth of microwave heating appli-
cations, there is a lack of understanding of microwave
systems and the technical information for designing com-
mercial equipment for these pyrolysis processes and no
data available on the energy usage or efficiency of micro-
wave reactors to make a compelling comparison in terms of
energy balance, efficiency, and economics [21,22]. Limited
research have been performed regarding the activation of
biomass using a synthesis technique which combines chem-
ical activation followed by thermal treatment using micro-
wave-induced irradiation [3]; and up to our knowledge,
less work has been done to prepare activated carbon from
palm-date stones using microwave irradiation technique.

In this study, the continuous-flow fixed-bed column
method was employed for metal removal from an aqueous
solution. The performance of the adsorbent in this technique
is described via a breakthrough curve. Many parameters
including breakthrough time, which is a key to determine
the operation and dynamic response of the column, the
concentration of influent, flow rate, and column bed depth

are affecting the saturation of adsorbents in the column and
hence removal efficiency [23]. The feasibility of producing
low cost activated carbon from palm-date stone as an agri-
cultural by-product for the removal of Fe*, Cd*, and Cu*
from their aqueous solutions was determined. Sulfuric acid
(H,SO,) and potassium hydroxide (KOH) impregnation fol-
lowed by microwave-induced irradiation were tested for
best-activated carbon yield. Characteristics and morphology
of the prepared activated carbons were also studied.

2. Materials and methods
2.1. Chemicals and reagents

All metal salts and chemicals used in this study were of
>98% purity. The stock metal solutions were prepared by
dissolving the calculated equivalent quantity of each metal
in double-distilled water (1,000 mL). Iron(Ill), sulfate, and
copper(Il), sulfate were purchased from Scharlau (Spain).
Cadmium sulfate was obtained from Merck (Germany).
Sulfuric acid (H,SO,) and potassium hydroxide (KOH) were
ordered from Sigma Aldrich (UK).

2.2. Preparation of palm-stone activated carbon

Palm-date stone was collected from the area of Nizwa,
Sultanate of Oman. The preparation method was per-
formed following Tan et al. [3] with some modifications.
Briefly, collected palm-date stone was washed for several
times to remove dust and fibers using distilled water and
then dried at 105°C in an oven overnight. The clean prod-
uct was then ground using a high-speed rotary cutting mill
and sieved to <710 um particle size. The resulted precursor
was then divided into two parts. The first part was treated
with H,S0, while the second part was treated with KOH
as activating agents at impregnation ratio (1:1, 2:1, and
3:1 w/w) for 24 h. The mixture was then dried at 105°C in
an oven for 24 h. The carbonization step was carried out
using microwave oven (600 W) for 15 min under nitrogen
flow to remove any oxygen inside the chamber. After, the
mixture was washed several times using distilled water
until reached a neutral pH using Mettler-Toledo FE20 pH
meter. Finally, the resulted in activated carbon was dried at
95°C for 24 h, cooled down and then kept in glass container
until further characterization and analysis. The untreated
carbon, activated carbon using H,SO, and activated carbon
using KOH were named as UC, AC1, and AC2, respectively.

2.3. Instrumental analysis and characterization

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES, PerkinElmer Optima 8000, UK) technique
was applied for the measurements of metals concentrations
in their aqueous solutions. The method showed low limit of
detections of 0.01 mg/L (limit of quantification = 0.03 mg/L)
for Cu** and Cd*. For Fe*, limit of detection was 0.1 mg/L
(limit of quantification = 0.3 mg/L). All experiments and
analysis were carried out in triplicate and relative standard
deviation (RSD%) was found to be less than 4.2%.

Scanning electron microscopy (SEM, JEOL model
JSM-65 10AL, Japan) was used for the characterization in
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order to have an idea about morphology of the prepared
adsorbent and the images were recorded at 10 kV. The N,
adsorption—desorption isotherm (Brunauer—-Emmett-Teller
(BET)) method was employed to determine the surface
area of activated carbon using surface analyzer (Gemini II
2370, USA). The moisture content was estimated by dry-
ing the activated carbon in an air oven at 105°C and cal-
culating the difference in weight. X-ray diffraction (XRD)
was used to determine the possible formation of crystallo-
graphic minerals (Malvern Panalytical, UK). The analyses
were performed at a scan rate of 10°/min in a 20 range from
0° to 80°. Fourier transform infrared spectroscopy (FTIR,
PerkinElmer (Spectrum GX), UK) was used in the range
from 500 to 4,000 cm™ to determine the functional groups
on the surface of the raw and prepared activated carbons.
The yield of activated carbon and ash content was cal-
culated using the following equations [24]:

YAC% = el 100 1)

initial

W,
final x 100 (2)

initial

Y 9 — initial

ash

where YAC represents the yield of activated carbon on dry
basis after the removal of the activating agent by washing,
while Y, is the yield of ash content of the activated car-
bon. W . and W,  are the weight of palm-stone and final

weight of activated carbon, respectively.

2.4. Fixed-bed adsorption column

Fixed bed column experiments were performed to
study the adsorption capacity of different adsorbents to
remove Fe*, Cd*, and Cu* from their aqueous solutions.
Approximately 1.5, 2.3, and 3.0 g of activated carbon (ACl,
AC2) were packed into 1 cm diameter and 20 cm height
glass column to obtain 1, 2, and 3 cm fixed bed column,
respectively. A glass wool mesh was placed at the bottom
of the column to prevent small particles leaking out of the
column, as well as on top of the adsorbent to maintain flow
rate and better distribution of the solution on the surface.
A peristaltic pump was used to introduce the solutions at
different flow rates (0.8, 1.0, and 1.2 mL/min) into the col-
umn at ambient temperature and variable concentrations.
The effluent was collected from the bottom of the column
at different time intervals. The effluent was then filtered
using 0.22 um nylon syringe filter (Gilson Scientific, UK)
and analyzed for metals ions. Effect of filtration process
on the recovery of the targeted metal ions was tested and
found to be >98.5%, indicating no significant adsorption
of the metal ions onto filter. To study the potential adsorp-
tion of the adsorbate on the wall of the column, a control
treatment with the same test conditions but without the
activated carbon was set up at time intervals ranging from
5 to 120 min. Finally, for the removal of adsorbed heavy met-
als from the column bed, an acid solution at low pH was
used [25]. A solution of 0.1 M HNO, at a flow rate of 5 mL/
min was let to pass through the column for 3 h. The resulted
in solution was then analyzed for desorbed metal ions.

2.5. Fixed-bed column data analysis

Breakthrough curve integration is important to identify
the adsorbent affinity to metal ions and loading behavior,
by plotting the ratio of effluent (C, (mg/L)) and influent
concentrations (C, (mg/L)) against time (t) of flow or vol-
ume of the effluent using the non-linear regression method
[25,26]. The curve describes the concentration increasing
of sorbate in the effluent with the time of flow or volume
of effluent. This indicates that the value of (C/C)) is high
at the initial step of metal ions adsorption and declines
with time due to surface saturation [25]. The amounts of
metal ions adsorbed on prepared activated carbons at any
given time were calculated using the following equation:

m,, =m_, —m (3)

ad.t in.t out.t

where m,_, mg is the mass of metal ions pumped into the
column at ¢ = 0 (min) and can be expressed as C,Q, while
m_,, mg is the amount of eluted metal ions from the
column. Eq. (4) was used to calculate m

out.t”

Moer = Cij[?]df 4)

where C, (mg/L), C, (mg/L), Q (mL/min), and ¢ (min) are
influent concentration, effluent concentration, flow rate, and
time, respectively. The column adsorption capacity was cal-
culated in terms of breakthrough time, ¢, (C/C, = 0.1) and
saturation time, ¢ (C/C, = 0.9) according to Egs. (5) and (6):

; C
Mg = CDQI[l - CE ]dt ®)
0 0
madAt
= 6
qmax M ( )

where g (mg/g) is adsorption capacity and M (g) is mass of
activated carbon packed in the column.

2.6. Kinetic models

Describing the dynamic behavior while the influent is not
in a steady-state as in fixed bed column is too difficult [27].
Therefore, to predict the fixed column adsorption behavior
for metal ions onto activated carbon, three kinetic models
namely Thomas model, Yoon-Nelson model, and Adams-
Bohart model were employed.

2.6.1. Thomas model

Thomas model is one of the highly used kinetic mod-
els that describe the behavior and performance of the
adsorption process in fixed-bed column mode based on
the mass transfer theory [28,29]. The model is used to cal-
culate the theoretical adsorption capacity (g, mg/g) and
the Thomas adsorption rate constant (K, L/mg min) from

the linear plotting of In[(C/C)) — 1] against ¢ (min), Eq. (7):

lr{co—
C

e

Mg, K
1} = OQ o KiyCot 7)
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where C, (mg/L) and C, (mg/L) are influent and effluent con-
centrations, respectively.

2.6.2. Yoon and Nelson model

The simplicity of this model is one of the points that
makes it highly used since the properties of the adsorbate
and the surface are assumed to not affecting the adsorp-
tion [30]. This model was used to fit the breakthrough
curves for the prediction of 50% breakthrough [23]. Eq.
(8) is the linearized form of the model. Yoon-Nelson rate
velocity constant (k,,) and time needed for 50% adsor-
bate breakthrough (t) can be calculated by plotting
In[C/(C, - C))] against t.

C
ln{c0 —ECJ =K =Kt (8)

2.6.3. Adams—Bohart model

The Adams-Bohart model is mainly used to describe the
initial part of breakthrough curve [31]. The linearized form
of the model is given in Eq. (9). Adams—Bohart rate constant
(K, L mg™ min™) and equilibrium volumetric sorption
capacity (N, mg/L) are determined from plotting In[C/C ]
against £.

h{E} =K,,Cot —K,,N, Z )
G My

where Z (cm) is bed depth of the column and p, (cm/min)
is linear velocity of influent solution.

2.7. Statistical analysis

All adsorption and analytical experiments were per-
formed in triplicate to ensure quality control conditions
(accuracy, reliability, and reproducibility), and results rep-
resent the mean of readings. Sigmaplot 12.0 (Systat soft-
ware Inc.) for processing the data and graphs. Models
parameters and constants were obtained using linear
regression analysis, while correlation coefficient (R?) and
t-test value (p < 0.05) were used to identify the best fit for
adsorption system and comparison between obtained data.

3. Results and discussion
3.1. Yield and characterization of activated carbons

In this study, irradiation time, carbon, and ash content
and the impregnation ratio of chemical agent and pre-
cursor were studied. Microwave irradiation time optimi-
zation was performed for AC1 and AC2 at time range of
5-15 min. The best optimal irradiation time that ensures
complete carbonization for the precursor was found to
be 15 min for both prepared adsorbents. Carbon and ash
content, which was determined by heating 1.0 g AC1 and
AC2 in a furnace oven set at 700°C for 6 h and measuring
the weight loss are listed in Table 1. The ratios of yielded
fixed carbon exhibited a great loss with no significant
differences (p < 0.05) between AC1 and AC2. Different
impregnation of activating agents to carbon ratios (1:1,
2:1, and 3:1 w/w) were tested and ratio of 3:1 showed the
highest yield of fixed carbon. This may attributed to the
decomposition of organic matter, including cellulose and
lignin, with increasing the amount of chemical agents
[32]. On the other hand, the decrease in fixed activated
carbon for AC2 could be attributed to the higher reac-
tion rate of carbon and KOH, which release components
that are more volatile and hence increase surface area
and pore volume [33].

The SEM images given in Figs. 1a and b show the dif-
ferences in the surface morphology and porosity of AC1
and AC2, respectively. The high porosity of treated acti-
vated carbons reflects the high surface area. The porous
structure was not highly formed in AC2 and it is clear from
the figure that using sulfuric acid is a very efficient activat-
ing agent to produce activated carbons with high poros-
ity. On the other hand, cavities and cracks on the external
surface of AC2 are indicators of the high surface area [34].
This was confirmed from the results of nitrogen adsorp-
tion—desorption isotherm when AC1 and AC2 were catego-
rized as porous materials due to their high specific surface
area and total pore volume. AC1 showed surface area of
745.0 m?/g and pore volume of 0.28 cm?/g while AC2 exhib-
ited higher surface area of 840.5 m?/g and pore volume of
0.35 cm®/g for AC2.

XRD analyses (Fig. 2) show that the synthesized acti-
vated carbons synthesized from palm date stones AC1
and AC2 have an amorphous state due to absence of sharp
peak. However, little amount of two-dimensional graph-
ite-like structure is detected in activated carbon by KOH

Fig. 1. SEM images of (a) H,SO, treated activated carbon (AC1) and (b) KOH treated activated carbon (AC2).
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Table 1

143

Mixing ratio, yields, and characterization of H,SO, and KOH impregnation activated carbons (AC1 and AC2)

Sample Mixing ratio Ash% Fixed Volatile Surface Pore volume
(H,SO,/KOH:carbon) carbon% carbon% area (m%/g) (cm’/g)
1:1 0.15 33.5 66.38
AC1 2:1 0.14 34.33 65.53 745.0 0.28
31 0.13 39.41 60.46
1:1 0.14 30.44 69.42
AC2 2:1 0.14 31.85 68.01 840.5 0.35
31 0.12 36.41 63.47
(Stretching —OH) {Stretching C=0)
Alcohol Carboxylic acid
istretching —OH) (Stretching C=C)
Carboxylic acid Aromatics
(Stretching C-0)
Lactons, alcohols
x (e
8
£
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2 Theta

Fig. 2. XRD diffractogram of untreated carbon (UC) H,SO,/acti-
vated carbon (AC1) and KOH/activated carbon (AC2).

(AC2) at 20 =44.6°, which is assigned to the plane of graphite
(100). This indicates that the degree of ordered graphitiza-
tion of activated carbon increases after chemical activation
with KOH [33].

The FTIR spectra of untreated palm-date stones car-
bon and H,SO,/KOH activated carbon is shown in Fig. 3.
The graph shows that the samples expose similar surface
groups in different intensities. In all samples, the obtained
band around 3,300 cm™ are attributed to the presence of
hydroxyl groups (hydroxyl or carboxyl). More hydroxyl
functional groups (-OH) were observed in AC2 at peak
observed near 3,320 cm™! which is attributed to the stretch-
ing vibrations of O-H. The high intensities of the observed
peaks indicate that both H,SO, and KOH had dehydrated
the palm-date stone and negative charge is predominant on
surface. Bands at around 2,730 cm™ representing stretching
O-H group of phenols were of high intense for AC2 [4].
The bands at around 1,700 (UC and AC2) and 1,530 (AC1)
cm™ are attributed to C=O and C=C vibrations, respec-
tively. It can be noticed from the graph that the absorptions
for UC and AC1 and AC2 at 1,530 cm™ are belonging to
C=C stretching in aromatic rings [33]. The peaks at around
1,108 cm™ are attributed to aromatic or aliphatic C-H bend-
ing vibration.

Generally, the activated carbons (AC1 and AC2) pre-
pared using microwave-induced method showed a short

Wave number, cm™?

Fig. 3. FTIR spectra of untreated carbon (UC), HSO,/
activated carbon (AC1), and KOH/activated carbon (AC2).

time of preparation in comparison to several hours at high
temperature in conventional methods when activated car-
bons derived from biomass are prepared [5,8,10]. Surface
properties obtained here were comparable or better than
those obtained elsewhere. For example, surface areas and
pore sizes obtained are similar to those of 854.42 m*/g and
0.74 cm’/g, respectively, obtained using H,PO -impregnated
microwave-induced activated carbon from palm shell [3].
Moreover, AC1 and AC2 exhibited higher surface areas
than those obtained using biomass origin activated car-
bon, for example, lentil husk (616 m?%g) [25], fungi plant
(51.2 m%g) [10], and water caltrop shell (264 m?/g) [30].

3.2. Column studies

In the control treatments, no significant loss of metal
ions due to adsorption to the vessels was observed with
>98.8% of the initial concentrations remained at the end of
time interval. Effects of flow rate, weight of column bed,
and initial concentration on the breakthrough (g,) and sat-
uration (g,) adsorption capacities of metals ions from their
solutions onto AC1 and AC2 were studied in a fixed-bed
column (Table 2). The effect of flow rates (0.8, 1.0, and
1.2 ml/min) on the removal of Fe*, Cd*, and Cu?* was
evaluated while the bed depth was maintained at 3.0 cm
(Fig. 4). The breakthrough curves showed shifts to the
left and shorter breakthrough time with increasing flow,
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which is related to the limited residence time of ions on
the surface of the adsorbents, and then the concentration
of outlet solution increases accordingly [35]. It was noticed
from the graphs (Fig. 4), that the slope was high for break-
through curve obtained at flow rate of 1.2 mL/min, which
may indicate the decrease in mass transfer between the ions
and the adsorbents. For example, g, for Fe’* showed around
45% decrease from 18.88 to 10.52 mg/g with increasing flow

Table 2

rate from 0.8 to 1.2 mL/min on AC1 (Table 2). This trend is
similar to the other fixed bed adsorption studies of metal
ions onto activated carbon found in literature [23,33].

The g, and g, at different bed depths (1, 2, and 3 cm)
were also calculated, Tables 2. As noticed from Fig. 4, the
breakthrough curves of Fe*, Cd*, and Cu* became more
steeper and shifted from right to left as the bed depth
decrease. Moreover, prolongs in breakthrough times were

Parameters calculated from the column experimental data at different conditions for AC1 and AC2

Metal ion Adsorbent Conc. (mg/L) Bed height (cm) Flow rate (mL/min) q, q.
Fe* AC1 125 3 0.8 18.88 40.46
AC1 125 3 1 15.68 38.33
AC1 125 3 1.2 10.52 35.10
AC1 12.5 1 1 9.14 28.45
AC1 12.5 2 1 12.40 37.22
AC1 10 3 1 12.07 29.66
AC1 15 3 1 27.02 55.32
AC2 12.5 3 0.8 33.17 35.88
AC2 12.5 3 1 31.32 34.44
AC2 12.5 3 1.2 30.66 32.65
AC2 12.5 1 1 245 30.20
AC2 12.5 2 1 28.92 33.92
AC2 10 3 1 29.20 32.22
AC2 15 3 1 33.6 40.50
ca*» AC1 15 3 0.8 16.24 248
AC1 1.5 3 1 15.11 22.88
AC1 1.5 3 1.2 12.32 21.68
AC1 1.5 1 1 9.33 16.22
AC1 1.5 2 1 12.55 20.34
AC1 1 3 1 6.23 11.45
AC1 2.5 3 1 23.95 56.42
AC2 15 3 0.8 20.90 30.42
AC2 15 3 1 18.80 29.32
AC2 15 3 1.2 16.32 27.20
AC2 15 1 1 13.52 22.66
AC2 15 2 1 15.02 24.33
AC2 1 3 1 10.88 19.18
AC2 2.5 3 1 23.45 46.66
Cu* AC1 3.3 3 0.8 33.52 48.56
AC1 3.3 3 1 31.65 45.54
AC1 3.3 3 1.2 26.45 42.35
AC1 3.3 1 1 23.45 33.44
AC1 33 2 1 28.25 43.12
AC1 2 3 1 18.33 33.55
AC1 5 3 1 44.32 85.12
AC2 3.3 3 0.8 52.87 57.6
AC2 3.3 3 1 44.23 53.40
AC2 3.3 3 1.2 36.65 47.20
AC2 3.3 1 1 36.66 47.21
AC2 3.3 2 1 38.45 49.85
AC2 2 3 1 37.10 44.20
AC2 5 3 1 53.70 70.33
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also observed with increasing bed depth for both adsor-
bents but more significant for AC1. The results showed
increase in adsorption capacity with increasing bed depth
as the adsorbent mass increasing which is due to the avail-
ability of more number of sorption sites and the sufficient
diffusion time for the metal ions into the adsorbent [36].
Maximum g, and gq_at bed depth of 3 cm, flow rate of 1 mL/
min, and initial concentration of 3.3 mg/L were found to be
44.23 and 45.54 mg/g for Cu* onto AC2 and ACl, respec-
tively (Table 2).

The effect of different initial metal ions concentrations on
the breakthrough curves at a bed depth of 3 cm and flow rate
of 1.0 mL/min is shown in Fig. 4. It was observed that with
increasing concentration of metal ions on both adsorbent
surfaces (AC1, AC2), the breakthrough time decrease and
became steeper. This may related to the lower mass-transfer
flux from the higher concentration solution to the surface of
adsorbent. On the other hand, adsorption capacities were
found to increase at high initial concentrations (Table 2);
due to enhanced driving force for the diffusion of metals
in the column and increase mass transfer between solution
and the adsorbent [10,36]. Maximum g, and g, at initial Cu*
concentration of 5.0 mg/L, bed depth of 3 cm, and flow rate
of 1 mL/min were obtained for to be 53.7 and 85.12 mg/g
onto AC2 and AC1, respectively.

For making the fixed bed reusable, 0.1 M HNO, solu-
tion was used to desorb targeted metal ions that have been
captured onto AC1 or AC2. Higher desorption efficiencies
of 89.4%, 93.4%, and 96.1% were found for Fe*, Cd*, and
Cu?, respectively, onto AC2. No significant but lower effi-
ciencies of 88.1%, 90.1%, and 94.9% were found for Fe®,
Cd?*, and Cu®, respectively, onto AC1. Successful desorption
of adsorbed metal ions from the AC1 and AC2 fixed bed is
an evidence for practical utilization of these adsorbents in
the removal of heavy metals from their aqueous solutions.

3.3. Comparison of fixed bed adsorption performance
of AC1 and AC2

For the aim of comparing the performance of AC1 and
AC?2 for the removal of metal ions from their aqueous solu-
tions, parameters were set at flow rate of 1.0 mL/min, bed
height of 3.0 cm, and initial concentration of 12.5, 1.5, and
3.3 mg/L for Fe*, Cd*, and Cu?, respectively. The patterns
of adsorption breakthrough curves onto AC1 and AC2
were different for each metal ion. It can be noticed from the
curves (Fig. 5), that the breakthrough time for Fe*" is shorter
on AC1 than AC2 whereas the g, is significantly (p < 0.001)
higher (2 times) for AC2 than AC1. Breakthrough curves
obtained for Cu® were longer than those obtained for
Fe* and Cd* on both surfaces with breakthrough adsorp-
tion capacities of 44.23 and 31.65 mg/g for AC1 and AC2,
respectively. On the other hand, no significant differences
(p > 0.05) in adsorption capacities were obtained for Cd* on
both adsorbents even though breakthrough time on AC1
is shorter than that for AC2. Although AC1 shows higher
g, values than AC2 at high initial concentrations, statisti-
cal results indicated that there is no significant differences
(p>0.05) in g, and hence fixed-bed adsorption performance
between AC1 and AC2. Both adsorbents showed satisfac-
tory results for the removal of selected metal ions and are
beneficial for water treatment. Finally, this study obtained

adsorption capacities were comparable to other studies
that used activated carbon from biomass for the removal
of targeted metal ions using low cost adsorbent; but most
of these studies were performed in batch system. For
instance, activated carbon prepared from tamarind seeds
using KOH as activation agent was used for the removal
of Fe* [33]. Results showed maximum adsorption capac-
ity ranging from 0.0069 to 0.019 mg/g, which is lower than
those obtained on AC1 and AC2 for Fe* in this study. For
the removal of Cd*, maximum adsorption capacities in this
study were within the range (31.65-74.63 mg/g) obtained
using biochar derived from wheat straw [16] and higher
than those (10.46 and 24.88 mg/g) using Cassava stem
biochar [37]. Adsorption capacities also showed similar-
ity to those (62.911 mg/g) resulted from removal of Cd*
from aqueous solution using KOH-activated carbon from
olive stone [38]. In the same study, Cu® exhibited adsorp-
tion capacity of 17.08 mg/g which is lower than capacities
resulted from adsorption onto AC1 and AC2. Moreover,
adsorption capacities for Cu*" were found in agreement to
values in the range of 21.69 to 40.05 mg/g observed using
jute fiber [25], and those ranging from 37.14 to 43.47 mg/g
using grape bagasse as activated carbon precursor [34].

3.4. Breakthrough curves modeling

Three kinetic models (Thomas model, Yoon-Nelson
model, and Adams-Bohart model, Fig. 6) were fitted using
experimental data for the determination of different parame-
ters on the fixed-bed sorption of Fe*, Cd*, and Cu* onto AC1
and AC2. Experimental parameters were set to column depth
of 2 cm, flow rate of 1.0 mL/min, and initial concentration of
12.5, 1.5, and 3.3 mg/L for Fe*, Cd*, and Cu?*, respectively,
as the aim is to comparing the dynamic behavior of metal
ions onto prepared activated carbon surfaces.

3.4.1. Thomas model

This model highlights Langmuir kinetics of adsorp-
tion-desorption processes and describes adsorption where
external and internal diffusions will not be the limiting step
[25,36]. Thomas model constant (K.,,) and adsorption capac-
ity of the column (q,) for Fe**, Cd*, and Cu* adsorption onto
AC1 and AC2 were obtained at selected parameters for com-
parison using linear regression (Eq. (7)). Thomas model fit-
ted the experimental data with R* values of >0.935 and >0.923
for metal ions onto AC1 and AC2, respectively (Fig. 6). This
indicates a monolayer sorption on both prepared surfaces
[36]. The values (Table 3) of K, were found to decrease at
high metal ion concentration (Fe**), while g, increased at high
initial metal concentration. Under affixed conditions, K
were generally found to be higher for metal ions adsorbed
onto AC1 except for Cu* which showed lower K value
(0.0112 L/min mg) for AC1 than AC1 (0.045 I/min mg), indi-
cating more time is needed to reach the maximum adsorp-
tion [39]. The g, for metal ions was found to be in good agree-
ment with values experimentally obtained for Fe* and Cu*
onto AC1 while g, of more than 50% less for Cd*. On the
other hand, no sufficient agreement between g, and experi-
mental capacities for AC2 was found. The variability of g, on
both surfaces indicating that factors other than initial con-
centration and flow rate controlling the adsorption process.
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Fig. 5. Breakthrough curves of (a) H2SO4/activated carbon (AC1) and (b) KOH/activated carbon (AC2) at flow rate of 1 mL/min,

bed depth of 3 cm, and initial.

Table 3
Kinetic models parameters for the removal of Fe*, Cd*, and Cu* onto AC1 and AC2 (column depth of 2 cm and flow rate of
1.0 mL/min)
Metalion ~ Conc. Adsorbent Thomas model Yoon-Nelson model Adam-Bohart model
(mg/L) Ky  q,(mglg) R Ky ot R? Ky N, R?
Fe¥* AC1 0.032 45.95 0.954 0.399 3.73 0.954 0.018 69.11 0.807
AC2 0.039 58.23 0.959 0.489 14.33 0.959 0.026 36.88 0.953
Ca> AC1 0.011 56.67 0.974 0.367 56.67 0.974 0.006 126.8 0.915
AC2 0.065 11.09 0.923 0.054 60.27 0.923 0.011 45.97 0.892
Cu* AC1 0.019 80.35 0.966 0.057 80.3 0.966 0.030 49.63 0.959
AC2 0.045 33.77 0.958 0.067 57.28 0.958 0.028 46.76 0.942

3.4.2. Yoon-Nelson model

Based on the experimental data, K, and T for metal
ions adsorption onto AC1 and AC2 were obtained using
linear regression. Results showed good fitting for data
with R? values of >0.935 and >0.923 for metal ions onto
AC1 and AC2, respectively, Table 3. Parameters (K, and
T) are known to be inversely related and the time required
for 50% breakthrough (1) decreases with increasing the
initial concentration of the adsorbate [23,36,40]. This was
the case in this study as metal ions of higher concentration
(Fe*) showed greater K (0.399) and smaller T (<14.3 min)
values. The values of K showed a significant difference
between Fe® and the other ions onto AC1 while Cu*
showed a significant decrease in comparison to Fe* and
Cd*. The low obtained K, values for Cd* and Cu* are
attributed to their low concentrations in the solutions and
hence slow saturation of the fixed bed [23]. However, the
value of 1 for Cd* and Cu* showed no significant differ-
ences for both activated carbon surfaces (AC1 and AC2).

3.4.3. Adam—Bohart model

For breakthrough curves using Adam-Bohart model
(Fig. 5), respective values of N, and K,, are presented in

Table 2. From the linear regression equation results, the
model was found suitable to describe the breakthrough
curves for Cd* and Cu* with R? values of >0.942 while less
satisfactory for Fe** with R? values of <0.806 and <0.892 for
Cd* for AC1 and AC2, respectively. No significant differ-
ences in adsorption capacities (N,) were found for metal
ions onto AC2. On the other hand, Cd* showed N, value
of 126.8 mg/L which is >2 times higher than volumet-
ric adsorption capacity of Fe* and Cu®" onto ACI. This
behavior reveals that while K, values decrease, N, val-
ues increase at higher initial concentration [25]. Generally,
the low correlation coefficient, R?* values in comparison
to the other models suggest that the Adam—-Bohart model
is less appropriate predictor for the breakthrough curve
for Fe*, Cd*, and Cu* onto AC2.

3.5. Mechanism of interaction between metal ions and adsorbents

Understanding the mechanism of the adsorption is
necessary to utilize optimal conditions and to identify
the rate-limiting steps. Generally, monolayer chemisorp-
tion form is expected since adsorption followed Thomas
kinetic model [25]. Results of this study revealed a broad
applicability of activated carbon derived from palm-date
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stone in removing metal ion species; and the complexity of
adsorption process suggesting the involvement of several
mechanisms [38,41]. Morphology and functional groups on
the surface of adsorbent are highly driving the adsorption
process. From the results of FTIR, chemical impregnating
using H,SO, or KOH was found to increase the availability
of (COOH, OH), and hence protons in oxygen functional
groups [42], which is expected to control the adsorption

149

process on the surface of AC1 and AC2. Accordingly, the
main expected adsorption mechanism is cation exchange
on negatively charged functional groups through the
displacement of surface ions like H*, Na*, and Ca* with
higher valence ions [10,33]. This was confirmed from the
amount of Fe*, Cd*, and Cu* desorbed by HNO, solu-
tion, as adsorption mechanism can be explained through
a desorption study [4], where metal ions were expected
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Fig. 6. Thomas model, Yoon-Nelson Model, Adam-Bohart Model for Fe*, Cd*, and Cu* onto AC1 (a—c) and AC2 (df) at a flow
rate of 1 mL/min, bed depth of 3 cm and initial concentration of 12.5, 1.5, and 3.3 mg/L for Fe**, Cd*, and Cu?*, respectively.
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to be replaced by H'. No significant differences between
metal ions removal percentage from the column except for
Cu?* which showed higher recovery (>94.9%) on both AC1
and AC2. From the recovery results, capture mechanisms
other than cation exchange may be involved. One expected
mechanism is pore filling removal that was suggested
for the adsorption of metal ions onto activated carbon
[43]. Moreover, interaction is suggested to be via electro-
static interaction or m-cation interaction between aromatic
rings of the activated carbon and the cation metal [44].

4. Conclusion

Activated carbon was successfully prepared from date
palm stone via chemical activation using H,SO, or KOH and
carbonization using microwave irradiation. The resulted
in activated carbons were characterized using SEM, FTIR,
and XRD. It was found that AC2 is highly microporous
when compared to AC1, and KOH also enhances the
specific surface area and the formation of OH functional
groups on the surface of activated carbon. In this study,
prepared AC1 and AC2 were utilized to remove Fe*, Cd*,
and Cu? from their aqueous solutions in a fixed bed reac-
tor. The dosage, flow rate, and initial concentration were
found to affect the removal efficiency. The adsorption
capacity of studied metals was found to decrease in the
order: Cu* > Cd* > Fe*. Maximum adsorption capacities
of 85.12 and 70.33 mg/g were for Cu* onto AC1 and AC2,
respectively at high initial concentration. Thomas kinetic
model was more suitable for describing the entire break-
through curves for metal ions on AC1 while Adam-Bohart
model describes well the data obtained from removal
of ions onto AC2. Thus, continuous adsorption using
inexpensive and environmentally friendly activated car-
bon obtained from palm date stone may be considered
an efficient approach for the removal of metal ions from
water. Although chemical activating agents (H,SO, and
KOH) used in this study showed to be effective activat-
ing agents, their potential toxicity, and its implications
for the environment and human health should to be taken
into consideration. In the future, alternative replace-
ments with low adverse effects need to be considered as
chemical activators for the preparation of activated carbon.
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