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In this work, the removal of arsenite, As(III), and arsenate, As(V), from aqueous solutions onto thermally processed dolomite
(charred dolomite) via microcolumn was evaluated. The effects of mass of adsorbent (0.5-2 g), initial arsenic concentration
(502000 ppb) and particle size (<0.355-2mm) on the adsorption capacity of charred dolomite in a microcolumn were
investigated. It was found that the adsorption of As(V) and As(III) onto charred dolomite exhibited a characteristic ‘S’ shape.
The adsorption capacity increased as the initial arsenic concentration increased. A slow decrease in the column adsorption
capacity was noted as the particle size increased from >0.335 to 0.710-2.00 mm. For the binary system, the experimental
data show that the adsorption of As(V) and As(III) was independent of both ions in solution. The experimental data obtained
from the adsorption process were successfully correlated with the Thomas Model and Bed Depth Service Time Model.
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1. Introduction

Arsenic pollution in the aquatic environment is a world-
wide concern due to its toxicity and chronic effects on
human health.[1] The chronic toxicity of arsenic in drink-
ing water is known to cause several health problems such
as cancer, harming the central and peripheral nervous sys-
tems and causing serious skin problems and reproductive
disorders.[2] High concentrations of arsenic in natural water
have been reported in many areas all over the world such as
Bangladesh, China, India, Taiwan, Japan, Serbia, Canada,
United States, Argentina, Mexico and Chile.[3] Arsenic
reaches water supplies as a result of natural processes such
as weathering reactions, biological activity and volcanic
emission [4] as well as a consequence of anthropogenic
impacts such as oil and coal burning power plants, waste
incineration, cement works, disinfectants, ore production
and processing, metal treatment, wood preservatives, pesti-
cides, oil and solvent recycling.[5] Arsenic generally occurs
as arsenate (As(V)) and arsenite (As(IIl)). As(III) is con-
sidered more toxic than As(V) and tends to be more mobile
in the environment.[6] As(V) species occurs mainly in the
form of H,AsQ, in the pH range between 3 and 6, while
a divalent anion HAsOi_ dominates at higher pH values
(such as between pH 8 and 11). In the intermediate region,
which is in the pH range between 6 and 8, both species

coexist with one another.[7] Thus, it is evident that in the
pH range of natural waters, As(V) remains in the anionic
state which is highly favourable for adsorption.[8] Com-
pared with As(V), As(IlI) removal mechanism is somewhat
more complicated. This is due to the fact that As(III) is stable
as neutral H3AsO; at pH <9. As a result, As(II) adsorp-
tion is quite independent with change in pH of solution
from 3 to 9.

Various treatment technologies to remove arsenic from
drinking water have been designed such as: coagulation;
ion exchange; reverse osmosis; liquid-liquid extraction and
adsorption.[9,10] However, in many areas of the world there
is still in a necessity for appropriate technologies, which are
inexpensive, simple to use and easily applied to source use.
Various adsorbents for arsenic removal have been devel-
oped that include materials such as ferrihydrite,[ 1 1 ] metallic
iron nanoparticles,[12] volcanic ash,[13] biomass [14] and
titanium dioxide nanotube arrays.[15]

Dolomite, which represents a potential low-cost
adsorbent,[16] is a common sedimentary rock-forming
mineral that can be found in sedimentary beds several
hundred feet thick; it is also found in metamorphic mar-
bles, hydrothermal veins and replacement deposits.[17] The
Dolomite Group is composed of minerals with an unusual
trigonal bar 3 symmetry. The general formula of this group
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is AB(CO3),, where A can be either calcium, barium or
strontium and the B can be either iron, magnesium, zinc or
manganese. The amount of calcium and magnesium in most
specimens is equal, but occasionally one element may have
a slightly greater presence than the other. Small amounts of
iron and manganese are sometimes also present.[18,19] The
majority of the industrial applications of dolomite require
a thermal treatment process. This thermal processing is
accompanied by structural changes within the solid prod-
uct, causing a significant change in the crystallographic,
morphological and textural properties. Obviously, the mod-
ification in the interfacial properties of dolomitic solids will
improve their adsorption properties.[20]

Adsorption process can be performed under either a
batch or continuous mode. For a continuous process, a
microcolumn is usually used. However, adsorption capac-
ities from batch studies, although useful, may not pro-
vide accurate scale-up information.[21] From the industrial
point of view, column system is very practical because of
the low reagent handling, adaptability of column systems
to multipurpose processes and low operational costs.[22]
Li et al. [6] stated that the microcolumn technique can
acceptably simulate the bed performance for large column
trials.

To our knowledge, there is no research in the literature
related to the use of microcolumns to study the adsorption
behaviour of arsenic onto dolomite and thermally modified
dolomite (charred). Therefore, the aim of this work was to
investigate the adsorption capacity of charred dolomite for
the removal of As(V) and As(IIl) in microcolumns. The
effect of initial arsenic concentration, adsorbent particle
size and adsorbent dose was also studied. For an accurate
design of an adsorption column, an accurate prediction of
the breakthrough curve of the effluent concentration (or the
concentration—time profile) is needed. Therefore, the exper-
imental results obtained from the continuous system were
fitted to the Thomas model and the Bed Depth—Service Time
(BDST) model.

2. Materials and methods
2.1. Dolomite and charred dolomite

Dolomite used in this work was mined in Belcoo, County
Fermanagh, Northern Ireland (UK) and grounded into dif-
ferent particle sizes. The typical chemical composition of
the dolomite in the deposit was 44 wt% MgCO3 and 53 wt%
CaCOs;. Preliminary experiments were conducted to eval-
uate the impact of using raw dolomite as an adsorbent for
As(V) and As(III). However, the results indicated a very
low removal. Therefore, the dolomite was activated ther-
mally under different temperatures. A Carbolite-type RHF
14/4 furnace was used to char the dolomite at the follow-
ing temperatures: 600 °C, 700 °C and 800 °C. The crucibles
were filled with approximately 10 g of dolomite and placed

into the furnace, which was heated to the required temper-
ature for the allotted time (1, 2, 4 and 8 h), after which the
furnace was turned off and left open for few hours to cool
down and then the samples were removed. The product was
sieved to different particle sizes. The samples were left in
the furnace during the heating and cooling of the furnace to
prevent the sudden heating or cooling, which would affect
the structure of the particles. The samples weight was mea-
sured before and after the charring process to determine the
percentage of weight loss in each.

Preliminary results show that the maximum removal
takes place on the samples which have been charred to
800 °C, but this charred dolomite was found inapplicable
since it is dissolved in the solution during the process; this
can be attributed to the fact that the magnesium carbon-
ate component of the dolomite decomposes at tempera-
tures around 800 °C.[23] The decomposition of dolomite
at 800 °C leads to changes in the chemical composition of
the surface and weakens the porosity of the mineral. The
efficiency of the dolomite at 700°C for 8§ h was found
to be almost as much as the efficiency of the dolomite at
800 °C. Therefore, the study was conducted on the dolomite
at 700 °C for 8 h.

2.2. Adsorbates

The standard stock solutions of As(V) and As(II) were
prepared by appropriate dilution with deionized water to
a final concentration of 5000 ppb. As(V) stock solution
was prepared from sodium arsenic dibasic heptahydrate
(NayHAsO, - 7TH,0; Aldrich Chemical Co., Inc. USA).
As(IIT) stock solution was prepared from sodium arsenite
(NaAsO;; Aldrich Chemical Co., Inc., USA). In addition,
0.1 g NaHCOj; was added to buffer pH fluctuations during
the experiment. Most ground waters have some amount of
alkalinity present, which tends to be in the order of 250—
600 mg/L HCO;. The addition of bicarbonate is, therefore,
not seen to compromise the experiments.

2.3. Surface area

The surface area of the samples was determined using the
N, gas adsorption method. Nitrogen adsorption isotherms
ofthe adsorbents were determined at 77 K using gas adsorp-
tion apparatus, Quantachrome instruments NOVA e-Series.
The weight of the samples was approximately 0.4 g. All the
samples were outgassed under vacuum at 100 °C for 24 h in
a vacuum system at about 1 atm, before nitrogen adsorption
takes place.

2.4. X-ray diffraction (XRD)

To identify the structure and determine the compositions of
raw and charred dolomite, XRD analysis was carried out
using Siemens Diffractometer D 5000 with Cu Ko radia-
tion (A = 0.15418 nm, 40kV and 40 mA). The sample was
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scanned from 20° to 80° (26) at a rate of 0.02°/min. The
XRD of fresh and spent adsorbent was carried out in which
adsorbent spent samples were removed from the arsenic
solution after equilibration and freed from the water by
drying at 65 °C. Qualitative analyses of the data were per-
formed using Diffrac-AT version 3 software by Scobain
Siemens and JCPDS data files. Quantitative analysis of the
XRD data was conducted using SIRQUANT Quantitative
XRD software.

2.5. Microcolumn experiment

The column tests were carried out in a microglass column
with an inside diameter of 9.14 mm. The microcolumns
were filled with various dolomite samples. Air pockets
may form in the column, which could lead to channelling,
increase in pressure drop and premature breakthrough, due
to the air pockets reducing the surface available for mass
transfer between the dolomite and the arsenic solution. To
solve this problem, deionized water was used to wash the
sample to remove air bubbles and to rinse the dolomite. A
predetermined mass of dry dolomite particles was filled in
the microcolumn soaked with deionized water for approxi-
mately 15 min to eliminate air pockets form in the column.
After this de-aeration step, arsenic solution was continu-
ously fed to the top of the column at a steady-flow rate
controlled by a peristaltic pump (Watson-Marlow, 101U)
connected with Teflon tubes to the column inlet until
breakthrough occurs. The columns were kept in vertical
position. Samples were taken at regular intervals, normally
every 15 min, filtered through a 0.45-pum cellulose nitrate
membrane filter (Swinnex-25 Millipore) and prepared for
analyses using inductively coupled plasma (ICP), Perkin-
Elmer 400. The samples were prepared up to 10 mL to give a
2% nitric acid solution. Duplicate samples were measured
and standard error in the readings was smaller than 3%.
Stock solutions of As(V) and As(I1I) were prepared with a
concentration of 5000 pg/L. Concentrations of 50, 500 and
2000 pg/L were prepared for As(V) and As(IIl) by diluting
the stock solutions with deionized water. Before starting
the adsorption tests, the system was checked by circulating
water. The main components of the system are: (i) peristaltic
pump, (ii) microcolumn, (iii) Teflon tubes and (iv) glass

wool. The details of experimental conditions of the micro-
column studies of arsenic onto charred dolomite for the
entire microcolumn runs undertaken are listed in Table 1. To
study the affinity of As(V) and As(III) for charred dolomite
in the microcolumn studies, single-component and binary
component adsorption experiments were also carried out.
All experiments were conducted at a room temperature of
22 °C. Duplicate samples were measured and the standard
error in the readings was smaller than 3%.

2.6. Modelling of column data

The fixed-bed performance is conveniently described
through the concept of the adsorption breakthrough
curve.[24] The breakthrough curves are found by plotting
throughput volume (V) at any time (¢) versus effluent
(arsenic) concentration (C). For our calculations, the break-
through time was defined as the time for effluent reach-
ing C,;/Cy = 0.95% for a feed. Throughput volume was
calculated using:

V=Fx trotal (1)

where F' is the volumetric flow rate (L/min) and fy, is the
total flow time (min).

Two mathematical models have been applied for the
experimental data to predict the dynamic behaviour and the
performance of the fixed-bed column.

2.6.1.

The Thomas equation is one of the most general and widely
used methods to predict the adsorption process. It was
derived based on the following theory: Langmuir adsorp-
tion/desorption; no axial dispersion and the rate driving
force follows second-order reversible reaction kinetics [25]:

Thomas model

C; 1
_t _ 2
Co 1+ expllkr/F)(gom — CoV)] @)

Co krqgom  krCy
m( )2 fem o, g
in( ) Iz 7 3)

where C is the initial arsenic concentration (ug/L), C;
is the equilibrium concentration (pg/L) at time #(min),

Table 1. Experimental conditions of the various microcolumn adsorption experiments for the removal of arsenic onto charred dolomite.?
Variables
Initial arsenic Mass of
Parameters studied concentration (jLg/L) adsorbent (g) Particle size (mm)
Mass of adsorbent (g) 500 0.5,1,2 0.710-2.00
Particle size (mm) 500 1 <0.355, 0.355 —0.710, 0.710 — 2.00
Initial arsenic concentration (pLg/L) 50, 500, 2000 1 0.710-2.00

4Flow rate = 1.1 mL/min; internal diameter = 9.14 mm.
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kt is the Thomas constant (L/min jg), F' is the volumetric
flow rate (L/min), g¢ is the maximum column adsorption
capacity (jLg/g), m is the mass of adsorbent (g) and V
is the cumulative throughput volume (L). It can be noted
from the definition of the Thomas constant that it has an
inverse relationship with the amount of adsorption. A plot
of In(Cy/C; — 1) versus V' gives a straight line with a slope
of (—krCy/F) and an intercept of (krgom/F).

2.6.2. Bed depth-service time model (BDST)

The BDST model is generally exploited for the evaluation of
different column design parameters with the assumption that
the rate of adsorption is controlled by the surface reaction
between adsorbate and the unused capacity of the adsor-
bent. If the adsorption zone is moving at a constant speed
along the column, the bed adsorption capacity, Ny, will be
constant throughout the bed. With these assumptions, the
BDST model provides useful modelling equations for the
changes of system parameters such as flow rate and initial
feed concentration.[26]

The linear relationship between bed depth, Z, and
service time, ¢, is

In (9 - 1) = In(e&ME _ 1) —K,Co-t  (4)
Gy
where Cy is the initial arsenic concentration (jg/L), Cy
is the breakthrough arsenic concentration (jLg/L), Z is the
bed depth (dm), Ny is the column adsorption capacity in
BDST model (g/L), F is the flow rate (L/min) and K, is the
adsorption rate constant (L/g min).

Because the exponential term is usually much higher
than unity, the unity term within the brackets on the left-
hand side of equation is often neglected

C K.NoZ
KNZIF L 1 5 I (FO _ 1) - ( aFo > — K,Cot

b
(5)
Therefore, the linear relationship between the bed depth, Z,
and the service time at breakthrough, g, is

N, 1 C
= (=-L)z- In(=2 -1 (6)
CoF K,Cy Cy

=tg=al+b (7)

where a is the slope and b is the intercept of the equation.

Afteridentifying a and b, Equation (6) becomes a simple
relationship between the service time at breakthrough and
the bed depth (Equation 7). A group of straight lines of #g
versus Z can be plotted, each line corresponding to a fixed
value of Cy/C} (i.e. a fixed percentage removal).

3. Results and discussion
3.1. XRD analysis

X-ray diffraction analyses were carried out to verify the
quality of the dolomite. Figure 1(a) shows the powder XRD
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Figure 1. XRD pattern of (a) raw dolomite and (b) charred
dolomite at 700 °C for 8 h.

pattern of crushed untreated dolomite. All the peaks in
Figure 1(a) represent the dolomite. Figure 1(b) depicts the
powder XRD pattern of charred dolomite at 700 °C for 8 h.
The XRD data show a trace of magnesium oxide, which
is a proof that charring the dolomite at 700 °C for 8h is
sufficient to cause the dissociation of some magnesium car-
bonate to magnesium oxide. There is also a small presence
of calcium hydroxide, which may be a result of the grind-
ing procedure when partial decomposition of dolomite may
have occurred. But this is not supported by the XRD data
for the raw crushed dolomite in Figure 1(a), which shows
no indication of calcium hydroxide being present. It may be
the case that while the temperature is not sufficient to cause
the thermal dissociation of CaCOj in the bulk particles, it
may be sufficient to cause the partial dissociation of the fine
dolomite particles resulted from grinding on the surface of
the dolomite. It requires less input of energy to dissociate
the CaCOj in the fine particles due to the energy dissipated
as heat during the grinding process. This indicates that the
MgO formed is insufficiently reactive to form magnesium
hydroxide with the water vapour present in the air.
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Table 2. Surface areas of raw
and charred dolomite.

BET surface

Sample area (m2/g)
Raw dolomite 0.89
600°C for 1h 1.32
600°C for 2h 245
600°C for 4h 3.58
600°C for 8h 3.95
700°C for 1h 2.83
700°C for 2h 3.41
700°C for 4h 5.73
700°C for 8h 7.31
800°C for 1 h 5.60
800°C for 2h 6.15
800°C for4h 10.86
800°C for 8h 11.81

3.2. Surface area

Table 2 shows the BET surface area of raw dolomite and
dolomite charred at different temperatures. It can be seen
that the charring procedure has a significant effect on the
cumulative surface area. It indicates that the surface area
of the selected charred dolomite at 700 °C (8 h) is eightfold
higher than that for the raw material, which means that more
area is available for the adsorption of the arsenic ions onto
the charred dolomite.

3.3. Effect of initial arsenic concentration

The effect of initial arsenic concentration on the shape of the
breakthrough curves and the column adsorption parameters
was studied. Figure 2(a) and (b) depicts the breakthrough
curves of the adsorption of arsenic onto dolomite and
charred dolomite at different initial arsenic concentrations
as a plot of dimensionless concentration (C./Cy) versus
volume () of arsenic solution treated. It can be seen from
Figure 2(a) and (b) that the shape of the breakthrough curves
of adsorption of As(V) and As(III) onto charred dolomite at
various initial arsenic concentrations exhibited a character-
istic ‘S’ shape. The initial arsenic concentration is important
since a given mass of dolomite can only adsorb a certain
amount of the adsorbate. As expected, with more concen-
trated solutions, a smaller volume of solution can be treated
before column breakthrough, as all the available adsorp-
tion sites will be occupied more rapidly. It is shown that
increasing the inlet arsenic concentration at constant flow
rate decreased the throughput volume until the breakthrough
time (C./Cp = 0.05). This can be attributed to the high
arsenic concentrations saturating the active adsorption sites
within the dolomite more rapidly, thus decreasing the break-
through time. Exhaustion of the adsorption bed is assumed
to have occurred when the effluent concentration is equal to
95% of the influent concentration.[27]

(a)
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Figure 2. Breakthrough curves for the adsorption of (a) As(V)
onto charred dolomite and (b) As(III) onto charred dolomite using
microcolumn at different initial arsenic concentrations. Mass of
dolomite and charred dolomite: 1g; internal diameter: 9.14 mm;
flow rate: 1.1 mL/min (A: 50 ppb, <: 500 ppb, x: 2000 ppb).

Thomas equation was used to estimate the column
adsorption parameters: k1 (Thomas constant) and gy (max-
imum column adsorption capacity). Table 3 summarizes
the adsorption parameters. The values of the correlation
coefficient (R?) indicate that the experimental data are well
presented by the Thomas equation over a wide range of the
arsenic concentration. It is shown that the adsorption capac-
ity increased as the initial arsenic concentration increased.
Higher initial arsenic concentrations lead to a higher con-
centration gradient so the mass transfer driving force will
be higher. It is also noted that the adsorption capacity of the
charred dolomite for the As(V) is higher than adsorption
capacity for As(IIl). This may be due to the formation of
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Table 3. Thomas parameters for the adsorption of arsenic using
microcolumn at different arsenic initial concentrations.

Concentration kr (mL/min pg) qo0 (Lg/g) R?
As(V) onto charred dolomite

50 ppb 3392 x 1073 16.28 0.991
500 ppb 31.8 x 1073 139.58 0.986
2000 ppb 9.9 x 1073 437.15 0.984
As(IIl) onto charred dolomite

50 ppb 4102 x 1073 15.27 0.973
500 ppb 38.8 x 1073 123.56 0.990
2000 ppb 9.6 x 1073 433.90 0.993

arsenic oxide and arsenic carbonate (possibly by precipita-
tion of the latter) from As(V), as this has a stronger positive
charge than the As(IIl) over the neutral pH range.

Table 3 also shows that the rate constant, kt, decreases
as the initial arsenic concentration increases. The increase
in arsenic concentration results in an increase in the driv-
ing force, which will enhance the diffusion of arsenic
molecules onto dolomite pores. &y values for the As(V)—
charred dolomite system are smaller than those for the
As(IIT)—charred dolomite system, which displays the higher
affinity of this adsorbent to As(V).

The thermal treatment of the dolomite has clearly
improved the uptake of As(V) and As(IIl). This can be
attributed to the fact that the thermal treatment of dolomite
leads to the transition to a mixture of calcite and magnesium
oxide (causing an increase in the oxide content in the result-
ing solid). This increases the number of positively charged
sites available inside these solids and raises the possibility
of formation of arsenic oxide and arsenic carbonate and the
precipitation of the latter one.

3.4. Effect of adsorbent mass

The observed breakthrough curves of arsenic adsorption
onto dolomite at three different masses of adsorbent are
displayed in Figure 3(a) and (b), plotted as the effluent con-
centration ratio versus the throughput volume. It is clear
that the shape of the breakthrough curves for As(V) and
As(IIT) onto various masses of charred dolomite is differ-
ent. All the curves exhibited a characteristic ‘S’ shape.
Figure 3(a) and (b) also indicates that the breakthrough
curves moved towards the y-axis with decreasing mass of
adsorbent. Correspondingly, the time needed to reach break-
through increased as the mass of the adsorbent increased.
The removal of As(V) and As(II) increased with the
increase in the charred dolomite mass from 0.5 to 2 g. The
increase in the arsenic uptake capacity with the increase
in the adsorbent mass in the column can be attributed to
increased adsorbent surface area available for the arsenic
chemisorption, also higher concentrations of MgCO; and
CaCOs3, which would increase the probability of forma-
tion arsenic oxide and arsenic carbonate, thus increasing

@4
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Figure 3. Breakthrough curves for the adsorption of (a) As(V)
onto charred dolomite, (b) As(Ill) onto charred dolomite using
microcolumn at various masses of dolomite. The concentration
of As(V): 500 ppb; concentration of As(III): 500 ppb; internal
diameter: 9.14 mm; flow rate: 1.1 mL/min (A:2 g,x:1g,<:0.5g).

in the extent of precipitation as a mechanism of arsenic
removal.[28] Essentially, the lower the mass of adsorbent
to be used, the smaller the volume of the solution that can
be treated before breakthrough.

As can be observed in Figure 3(a) and (b), at the low-
est mass of adsorbent, i.e. 0.5 g, a relatively lower uptake
value was observed for arsenic at the beginning of column
adsorption. In addition, as the arsenic solution continued to
flow, the As(V) and As(III) concentrations in the effluents
rapidly increased, as the adsorbent beds became saturated
with arsenic molecules. Less sharp breakthrough curves
were obtained at higher mass of adsorbent. The variation
in breakthrough curve shape with dolomite mass is mainly
due to the variations in the length of the adsorption zone,
i.e. the particles of dolomite near the bottom of the adsorp-
tion column come into contact with arsenic solution before
the particles near the top of column are exhausted. Also,
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Table 4. Thomas parameters for the adsorption of arsenic
using microcolumn at various masses of dolomite.

Mass of adsorbent k7 (mL/minpg)  qo (Lg/g) R?

As(V) onto charred dolomite

data using this mathematical model was successful for
the adsorption of arsenic onto dolomite. However, a close
examination of the straight lines suggests that the exper-
imental points of the BDST deviate from a theoretical
straight line. This behaviour may be due to the fact that the

05g 43.4 x 10:; 93.12 0.986 main assumption in the BDST model is that the adsorbate
le 313 x 10_3 137.94 0.989 is adsorbed on the adsorbent surface immediately such that
2g 27.8 x 10 172.75 0.992 . . .

. there is no diffusion problem.[25] Consequently, when the
As(lll) onto charred dolomite 3 bed depth increases, the residence time of the arsenic solu-
05¢g 47.0 x 10~ 94.98 0.983 P . :
Ig 347 % 10-3 127.4 0.981 tion inside the column increases and the arsenic molecules
2g 276 % 103 160.61 0.986 can diffuse deeper inside the adsorbent.

the mass transfer zone is dependent upon the nature of
adsorbent—adsorbate interactions.

Thomas equation was used to estimate the variation in
the column adsorption parameters (kr and gy) with the
variation in the dolomite mass. Table 4 summarizes the
adsorption parameters. The experimental data are well pre-
sented by the Thomas equation over a wide range of the
arsenic concentration with R? ranging from 0.986 to 0.992
for As(V) onto charred dolomite and 0.981 to 0.986 for
As(I1) onto charred dolomite. It is shown that the adsorp-
tion capacity increased as the mass of the dolomite increased
in all the adsorption processes studied. A higher dolomite
mass will lead to a higher concentration gradient; therefore,
the mass transfer driving force will be higher. The adsorp-
tion capacity of the charred dolomite for the As(V) is higher
than the adsorption capacity for As(III).

Table 4 also shows that the rate constant, kt, decreases
as the mass of dolomite increases. The increase in dolomite
mass results in an increase in the adsorbent surface area
available for the arsenic chemisorption, also higher con-
centrations of MgCO;3 and CaCOj3, which would increase
the probability of formation of arsenic oxide and arsenic
carbonate. kr values for the As(V)—charred dolomite sys-
tem are smaller than those for the As(IIT)—charred dolomite
system, which displays the higher affinity of this adsorbent
to the charred dolomite.

The analysis of the experimental breakthrough data
using the BDST equation yielded a plot of bed depth, Z,
versus service time, #;. The linearization of the experimental

The aim of operating a column adsorption system is
to achieve a breakthrough value, which is a certain degree
of reduction in the arsenic concentration in the effluent.
A low breakthrough value would mean having a low arsenic
concentration in the effluent. Hence, increasing the break-
through arsenic concentration will increase the volume of
arsenic solution treated and the adsorbent would run longer.
The value of the breakthrough arsenic concentration should
not affect the slope of the BDST plots, i.e. the break-
through curves are steep and the mass-transfer zone is very
short.[25] In Tables 5 and 6, BDST data represent the evolu-
tion of the bed operating time (for different concentrations
C; = 20%, 40%, 60% and 80%) as a function of the bed
depth (Z). Based on the experimental data obtained at dif-
ferent masses of adsorbent for the adsorption of arsenic
onto dolomite, plotting time for 20%, 40%, 60% and 80%
of'the breakthrough against the bed depth gives a linear rela-
tionship (figures are not shown here) with high correlation
coefficients. The BDST parameters, namely, BDST adsorp-
tion capacity, Ny, and rate constant, K,, were calculated
from the linearized experimental data and are presented in
Tables 5 and 6, for 20%, 40%, 60% and 80% breakthrough.
In these tables, the effect of percentage breakthrough value
on the adsorption capacity is demonstrated for a fixed initial
arsenic concentration.

The BDST adsorption capacity, Ny, provides a conve-
nient way of describing the performance of an adsorbent,
with high performance and efficient use of adsorbent char-
acterized by high BDST adsorption capacities. In this work,
the usual units of N, (jLg/dm?) have been recalculated
using the bulk density of dolomite to provide an adsorption

Table 5. BDST parameters for As(V) adsorption onto charred dolomite.

Service time at breakthrough
percentages (min)

Bed depth (mm) 20% 40% 60% 80% No (mg/dm?) N§ (ng/g) K}i’ (L/pg min)
20% = 413 47.70 -

8.50 158 219 267 340 40% = 71.2 82.33 -

14.90 174 227 279 362 60% = 97.5 112.74 321 % 107°

30.35 178 247 306 385 80% = 107.8 124.61 8.47 x 1076

ANy (ng/g) was calculated by multiplying the value of Ny (mg/dm?) by the bulk density.
bValues of K, did not compute for 20% and 40% breakthrough due to their negative values.
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Table 6. BDST parameters for As(IIT) adsorption onto charred dolomite.

Service time at breakthrough
percentages (min)

Bed depth (mm) 20% 40% 60% 80% No (ng/dm3) N§ (ng/g) K;’ (L/pwg min)
20% = 40.9 47.27 —
8.50 161 222 272 342 40% = 65.2 75.37 -
14.90 173 230 280 361 60% = 89.6 103.57 3.15 x 1076
30.35 179 248 307 386 80% = 106.7 123.41 8.45 x 107°
aNp (g/g) was calculated by multiplying the value of Ny (mg/dm?) by the bulk density.
bValues of K, did not compute for 20% and 40% breakthrough due to their negative values.
capacity in terms of (jug/g). It is shown that the adsorption (@)
capacity increased as the breakthrough value increased in all 09 -
the studied adsorption systems. As concluded earlier from 08 0
Thomas equation, the adsorption capacity of the charred ‘ ALY
dolomite for As(V) is higher than the adsorption capacity 0.7 - v v XA
for As(III). The calculated column adsorption capacity from 06 Cy A -
the Thomas equation is higher than the value obtained by '
BDST model; however, this can be attributed to the fact 80‘5 Gy
that the BDST adsorption capacities were obtained at 20%, © A
40%, 60% and 80% breakthrough, while for the Thomas oA XA
equation, the breakthrough was 100%. Tables 5 and 6 also 03 o
show that the adsorption rate constant, K, increases as the
breakthrough value increases in all the studied adsorption 21 N O
systems. K, values for the As(V)—charred dolomite system 01 - &0t VA Breakthroughpoint
are close to those for the As(Ill)}—charred dolomite system. ﬁ&z\—
It is clear that the experimental data correlated well with the 0
calculated data using the Thomas and the BDST equation. 0 0.1 0.2 03 04
Therefore, it might be concluded that the Thomas and the () Throughput volume (L)
BDST equations can produce accurate prediction for var- 09
ious arsenic concentration and mass of the dolomite. The
reported results of the BDST analysis herein can be of great 0.8 1 ox X,
importance for designing adsorption column for treating 07 - O ¥ A
wastewater from arsenic. OX A
0.6 A
3.5. Effect of particle size §05 XA
The column adsorption studies on the arsenic were carried ngla _ O
out on charred dolomite of particle sizes <0.335, 0.335— e A
0.710 and 0.710-2.00. The breakthrough curves of the three 03 L 2
particle sizes for the three investigated systems are illus- 02 4 i
trated in Figure 4(a) and (b). As shown, an increase in the 4 Breakthrouchnoint
particle size increases the sharpness of the breakthrough 0.1 1 <}A‘>ﬁ FeaNOugI powt
curve. A smaller particle size will have a better adsorp- 0 ¥
tion performance. This is due to an increase in the external 5 i 53 63 i

surface area and the number of active pores per unit mass
of the adsorbent found with decreasing particle size. The
crushing of the large particles to form smaller particles
also facilitates crack formation, which further increases
the surface area available for mass transfer. However, the
data indicate that the mechanism of arsenic adsorption onto
dolomite does not depend on the adsorbent particle size
alone because of the small effect of the particle size variation

Throughput volume (L)

Figure 4. Breakthrough curves for the adsorption of (a)
As(V) onto charred dolomite, (b) As(II) onto charred dolomite
using microcolumn at various particle sizes of dolomite. Con-
centration of As(V): 500 ppb; concentration of As(III): 500 ppb;
internal diameter: 9.14mm; flow rate: 1.1 mL/min (A: dp <
0.335mm, x: 0.335mm < dp < 0.710mm, <: 0.710 < dp <
2.0 mm).
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Table 7. Thomas parameters for the adsorption of arsenic using
microcolumn at different particle sizes of dolomite.

Particle size kr (mL/minpng) gqo (ng/g) R?

As (V) onto charred dolomite

dp < 0.335mm 29.7 x 1073 151.94  0.980
0.335mm < dp < 0.710mm  30.5 x 1073 145.09  0.982
0.710mm < dp < 2.0 mm 32.6 x 1073 131.31  0.989
As (I1l) onto charred dolomite

dp < 0.335mm 31.1 x 1073 146.27 0972
0.335mm < dp < 0.710mm 329 x 1073 136.57 0.978
0.710mm < dp < 2.0 mm 347 x 1073 126.47  0.982

in the amount of arsenic adsorbed; the increase in capacity
with the decrease in particle size range suggests that arsenic
does not completely penetrate the particle.

Moreover, the Thomas equation was used to estimate the
rate constant and the adsorption capacity of the adsorption
systems. Table 7 illustrates that the Thomas rate constant,
kt, increases with the increase in the mean adsorbent parti-
cle size. The crushing of the large particles to form smaller
particles facilitates crack formation, which increases the
surface area available for mass available for the arsenic
chemisorptions. Furthermore, the adsorption capacity for
the larger particle size is lower than that for smaller one. A
small decrease in the column adsorption capacity with an
increase in particle size in addition to the shift of the break-
through curves was obtained resulting from an increase in
the particle size from smaller than 0.335mm to 0.710—
2.00 mm. That behaviour can be attributed to the higher
surface area of the smaller particle size; hence, a higher
adsorption capacity is expected.

3.6. Multicomponent adsorption

The adsorption of a single arsenic component is not a com-
mon process in the wastewater treatment course. Wastewa-
ter effluent normally contains multi-species of arsenic with
various concentrations and flow rates. In fact, little research
has been published on the effect of multi-species adsorp-
tion in column systems. Competitive adsorption of As(V)
and As(III) with a ratio of 1:1 onto different concentrations
of charred dolomite using microcolumns was investigated
and the results are illustrated in Figure 5. The figure shows
that the adsorption of As(V) and As(IIl) increases with the
increase in the charred dolomite concentration. Comparing
the results with the results of the single-component systems,
the adsorption of As(V) and As(III) was almost not affected
by the presence of other molecules.

By a quick comparison of the breakthrough curve of the
adsorption of single arsenic species with a mixture of As(V)
and As(III) onto charred dolomite, it is apparent that the time
that was spent to treat a fixed volume of multicomponent
stream was almost the same in the case of a single-
component stream. In other words, the presence of As(V)
and As(I1I) in the mixture did not slow down the adsorption

1
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Figure 5. Breakthrough curves of adsorption of a mixture of
As(V) and As(III) onto charred dolomite using microcolumn at
various masses of charred dolomite. Concentration of mixture:
500 ppb; internal diameter: 9.14 mm; flow rate: 1.1 mL/min (A:
2g,x:1g,$0:05g).
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Figure 6. Thomas plot for adsorption of As(V) and As(III) mix-
ture onto charred dolomite using microcolumn at various masses
of dolomite (A: 2 g, x: 1 g, <: 0.5g).

Table 8. Thomas parameters for the adsorption of As(V) and
As(IIT) mixture onto charred dolomite using microcolumn at
different masses of charred dolomite.

Mass of adsorbent kr (mL/min pg) qo0 (Lg/g) R?

05g 46.5 x 1073 87.51 0.989
lg 328 x 1073 130.25 0.992
2g 27.9 x 1073 157.89 0.986

process. For a better comparison, the Thomas model was
applied to the data obtained in the multicomponent process.
Figure 6 shows the applicability of this model to the data.
Table 8 shows the calculated values of k1 (Thomas constant)
and ¢ (maximum column adsorption capacity). Comparing
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the results in Table 8 with results in Table 4, it is obvious that
the charred dolomite maintained its adsorption capacity for
As(V) and As(III) in the multicomponent system, for exam-
ple, the value of the adsorption capacity obtained in Table 8
for 1 g of charred dolomite was 130.25 pwg/g, whereas the
value obtained for As(V) onto 1 g of charred dolomite was
137.94 ng/g (see Table 4), and in the case of As(IIl) onto
the same amount of charred dolomite, the adsorption capac-
ity was found to be 127.4 ng/g (see Table 4). The same
behaviour was noticed with the values of k1 (adsorption rate
constant); the values of &t for the multicomponent system
were in the intermediate region between the values for the
As(V)—charred dolomite system and the values for As(III)—
charred dolomite system. For example, the value of it
obtained in Table 8 for 1 g of charred dolomite was 32.8 x
1072 ml/min pg, whereas the value obtained for As(V) onto
1 g of charred dolomite was 31.3 x 1073 ml/minpg (see
Table 4), and in the case of As(III) onto the same amount
of charred dolomite the adsorption capacity was found to
be 34.7 x 1073 ml/min g (see Table 4). This behaviour
is a result of the lack of competition between As(V) and
As(IIT) ions, which can be attributed to the difference in
the adsorption mechanism for each one of them onto the
charred dolomite. Essentially, it is a monolayer adsorption
mainly in case of single As(V) onto charred dolomite, and
heterogeneous adsorption mainly in case of single As(II)
onto charred dolomite; whereas it appears that each species
followed its own mechanism in the binary system.

Figure 7 shows the analysis of the experimental break-
through data using the BDST equation. BDST data rep-
resent the evolution of the bed running time (for different
concentrations, C; = 20%, 40%, 60% and 80%) as a func-
tion of the bed depth (Z) based on the experimental data
obtained at different masses of adsorbent for adsorption of
As(V)and As(I1I) onto charred dolomite. The BDST param-
eters: BDST adsorption capacity (Vy) and rate constant (K, )
were calculated from the linearized experimental data and
are presented in Table 9, for 20%, 40%, 60% and 80% break-
through. The linearization of the experimental data using
this mathematical model was successful for the adsorption
of arsenic onto charred dolomite in a binary system.

It is shown in Table 9 that the adsorption capacity
increased as the breakthrough value increased. The
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Figure 7. Plots of bed depth (Z) versus service time at differ-
ent percentage breakthrough points for adsorption of As(V) and
As(ITT) mixture onto charred dolomite (x: 80%, A: 60%, [J1: 40%,
<1 20%).

calculated values of the adsorption capacities obtained by
the BDST model followed the same pattern in the values
obtained by Thomas model. These values were found to be
between the values for the As(V)—charred dolomite sys-
tem and the values for As(III)-charred dolomite system
at all the breakthrough points (see Tables 4). Table 9 also
shows that the adsorption rate constant, K,, increases as the
breakthrough value increased. The service times obtained
at 20%, 40%, 60% and 80% breakthrough are illustrated
in Table 9. As concluded earlier, the rate of the adsorp-
tion process in the binary system was almost as fast as the
rate in the case of single arsenic system. As an example,
the service time (at 20% breakthrough and 14.9 mm bed
depth) for the binary system was 171 min, while at the same
circumstances it was 158 min and 161 min for the As(V)—
charred dolomite and As(III)—charred dolomite systems,
respectively. This observation strengthens the theory that
the difference in the adsorption mechanisms for As(V) and
As(IIT) onto the charred dolomite restricted the competi-
tion between species; thus, the adsorption process was not
affected by the binary mixture.

Table 9. BDST parameters for the adsorption of As(V) and As(III) mixture onto charred dolomite.
Service time at breakthrough
percentages (min)

Bed depth (mm) 20% 40% 60% 80% No (mg/dm?) N§ (ng/g) K}l’ (L/pg min)
20% = 40.4 46.70 —

8.50 160 225 267 341 40% = 62.7 72.45 —

14.90 171 239 279 363 60% = 95.9 110.84 322 x 1070

30.35 178 251 304 385 80% = 104.5 120.81 8.43 x 1076

aNp (lg/g) was calculated by multiplying the value of Ny (mg/dm?) by the bulk density.
bValues of K, did not compute for 20% and 40% breakthrough due to their negative values.
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Figure 8. SEM images of charred dolomite at 700 °C for 8 h: (a)
before the adsorption process, (b) after the adsorption of As(V)
and (c) after the adsorption of As(III).

3.7. SEM images

To characterize the adsorption of arsenic onto charred
dolomite, scanning electron microscope (SEM) micro-
graphs of the grain cross-sections were reported.
Figure 8(a)~(c) show the SEM images of charred dolomite
before and after the adsorption of As(V) and As(III).
Figure 8(b) shows the surface of (700°C, 8h) charred
dolomite after the adsorption of As(V). The surface looks
muddy with the presence of some sharp edges and new crys-
tals. Figure 8(a) and (b) proves the formation of new crystals
on the surface of the charred dolomite, which implies that
the adsorption of As(V) took place on the monolayer of the
sample. Figure 8(c) shows the formation of new pores and
voids alongside the formation of new crystals on the surface
of the charred dolomite. This confirms that the adsorption

of As(IIT) did not only take place in the monolayer of the
sample but also in the inner layers.

4. Conclusions

The microcolumn method described here is suitable for
speeding up the determination of adsorption parameters of
arsenic onto dolomite. This method is inexpensive and can
be performed in a few hours instead of few days. On the
basis of the experimental results, it can be concluded that
the adsorption of As(V) and As(III) onto charred dolomite
exhibited a characteristic ‘S’ shape and can be simulated
effectively by the Thomas model. It is shown that the adsorp-
tion capacity increased as the initial arsenic concentration
increased. The increase in the arsenic uptake capacity with
the increase of the adsorbent mass in the column was due
to an increase in the adsorbent surface area available for
the arsenic chemisorptions. A slow decrease in the column
adsorption capacity was noticed with an increase in parti-
cle size from smaller than 0.335 to 0.710-2.00 mm. For the
binary system, the results show that the adsorption of As(V)
and As(IIT) was almost not affected by the presence of both
of them in the solution. The experimental data correlated
well with the calculated data using the Thomas equation and
the BDST equation. Therefore, it might be concluded that
the Thomas equation and the BDST equations can produce
accurate prediction for various concentrations of arsenic,
mass of the adsorbent and the particle size.
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