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Abstract

The adsorption of arsenic species in aqueous solutions onto activated carbon
with and without chemical impregnation has been studied. The ability of activated
carbon to adsorb arsenic depends on the arsenic oxidation state, the pH of the
water, and the activity of the metal used for the activated carbon impregnation.
The results of the investigations have shown that physical adsorption is effective
only for the arsenic(V) species in water. Activated carbon adsorbs arsenic(V) with
a saturation adsorption capacity of (.27 mmol/g. The chemisorption process is
effective for both arsenic species. By impregnation of activated carbon by copper,
the sorption process for the arsenic(IIl) species is significantly improved. The
saturation adsorption capacity of the activated carbon impregnated by copper is
0.41 and 0.23 mmol/g for the arsenic(I11) and arsenic(V) species, respectively. The
pH values of the water are important for both sorption processes because of the
change in the ionic forms of both arsenic species. The optimal pH range is between
4 and 9, which is a consequence of the apparent affinity between the carbon surface
and arsenic species H;AsO, and H,AsO; that are predominant at this pH in water.
Equilibrium isotherm analyses were undertaken using Langmuir and Freundlich
equations.

Key Words: Adsorption; Activated carbon; Impregnation; Water pollution: Equilibrium iso-
therms; Arsenic; Copper

INTRODUCTION

Activated carbon adsorption is frequently the most efficient and eco-
nomical method for removing impurities from water, particularly when the
impurities are present at low concentrations. It is known that organic com-
pounds adsorb much more strongly onto activated carbon than do inorganic
compounds (/). Relatively little information is available about the ad-
sorption of specific inorganic compounds by activated carbon. The capacity
of activated carbon for a certain type of inorganic pollutant is also important
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for designing adsorption contacting system. The presence of active metal
onto an impregnated activated carbon surface can greatly affect adsorption
affinity since some inorganic compounds can be adsorbed preferentially.
The aim of the present work is to determine the adsorption capacity of
activated carbon for arsenic species in water and to develop the sorption
process by introducing a chemisorption function based on adsorption onto
activated carbon impregnated by metal.

Arsenic can occur in four oxidation states in water, but in natural waters
it is found in only the As(III) and As(V) oxidation states as an anion with
acid characteristics (2, 3). The stability and dominance of a certain form
depends directly on the pH value of the solution (4). In Table 1 the dom-
inant arsenic species depending on pH are presented.

Arsenic compounds are discharged in wastewaters from industries such
as pharmaceutical and pesticide manufacturers (5) and from mine wastes
(6, 7). Arsenic compounds are known to be detrimental to human beings
and animals. Arsenic forms both inorganic and organic compounds; the
inorganic compounds are more toxic than the organic compounds. The
toxicity of arsenic varies greatly according to its oxidation state. Arsenic
in the trivalent state is believed to be more toxic than pentavalent arsenic.
The toxicity is also dependent on the chemical form, and on the route,
duration, and rate of exposure to arsenic. No adverse health effects have
been reported from the ingestion of water containing arsenic levels of
1.33 x 107% mol/dm*® (0.1 mg/L) (2), but the maximal allowed con-
centration of arsenic in drinking water is 6.67 x 1077 mol/dm? (0.05
mg/L) (8).

EXPERIMENTAL
Materials

All the chemicals used were of analytical grade. Synthetic waters with
arsenic concentrations ranging from 1.33 x 107* mol/dm?® (100 mg/L) to

TABLE 1
The Stability and Domination of Arsenic Species in Water as a Function of
pH (12)
pH 0-9 10-12 13 14
As(1IT) H;AsO, H,AsO; HAsO%~ AsO3-
K 4 x 10°% 7 x 1078 4 x 0% —
pH 0-2 3-6 7-11 12-14
As(V) H;AsO, H,AsO; HAsOj3- AsO3-

K 6 x 1073 1 x 1077 3 x 1077 —
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1.33 x 107* mol/dm* (1 mg/L) were prepared by adding a suitable volume
of standard arsenic solution to distilled water. The standard solution (ar-
senic concentration 1.33 X 1072 mol/dm*; 1 g/L) was prepared by dis-
solving the appropriate amount of NaAsO, or Na,HAsO,-7H,0 in distilled
water with the addition of NaOH which improved the solubility of these
salts in water. The pH values of all the solutions used were adjusted with
either strong acid (HCI) or strong base (NaOH). The ionic strength of all
the water solutions investigated was about 0.001. The adsorbent was co-
conut granular activated carbon type K-81/B produced by “Miloje Zakié,”
Krusevac, Yugoslavia. The characteristics and properties of the carbon are
listed in Table 2.

Chemical agents (copper and silver) were bonded to activated carbon
for chemisorption investigations. For this purpose, solutions of the salts of
Ag,SO, and CuSO4-5H,0 were used at concentrations of 0.1 mol/dm? with
respect to the cations. Impregnation of activated carbon, which has been
employed previously (&), was accomplished with a standard column chro-
matography procedure by using the corresponding effluent.

Analysis

Four analytical methods for the determination of arsenic in water were
used. The Gutzeit test (standard deviation, +0.03 mg/L; detection limit,
0.05 mg/L) and the silver-diethyl-dithiocarbamate method (standard de-
viation, +0.002 mg/L; detection limit, 0.002 mg/L) were used for arsenic
determination in the range of lower concentrations around 0.05 mg/L. The
bromatometric and iodometric titration methods (standard deviation, +0.5
mg/L; detection limit, 1 mg/L) were used in the range of higher concen-
trations (more than 1 mg/L) (9). All tests were carried out in trip-
licate. An atomic adsorption spectrometer (AAS) Philips SP9 (Cambridge,
UK) was used to analyze both the silver and copper content on activated

TABLE 2

Activated Carbon Properties
Ash (%) 55
Apparent density (kg/m?) 440
Iodine number (mg/g) 1200
Pore volume (cm?/g) 0.9
Surface area BET-N, (m?/g) 1200
Particle size, mean diameter (mm) 0.9

Sieve analysis (DIN 4188)
>1.6 mm, 4.5%
0.425-1.6 mm, 97.5%
<0.425 mm, 0.5%
<0.355 mm, 0.2%
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carbon and the content of these ions in the water solution after impreg-
nation. In order to confirm the presence of metallic silver and copper on
modified carbon surfaces, x-ray analysis was applied by using CuK, radia-
tion.

Procedure

A continuously mixed bath system was used. Various arsenic concen-
trations were used. Activated solids were added to a total of 2 dm’® of
arsenic solution (pH 8 and p = 0.001). Continuous mixing was provided
during the experimental period. All solids were aged in the solution for
24 h. The adsorbed amounts were calculated from

= X = Cu;q(mmol/g) (1)

= m,

Column Operation. A chromatographic column of 20 i.d. was packed
with 11.5 g of each sorbent investigated. An aqueous solution containing
1.33 x 10~* mol/dm? arsenic(III) was passed through the column at room
temperature (22°C) at a flow velocity of 0.6 dm*/h. The effluent was col-
lected in 10 cm® fractions, and each fraction was analyzed for arsenic.

RESULTS AND DISCUSSION

In order to investigate the chemisorption process, activated carbon was
chemically activated with silver and copper. These metals were chosen
because of their reactivity toward arsenic ions in water and the possibility
of their forming insoluble compounds (10, 11). After impregnation, acti-
vated carbon did not discharge the ions from the surface to the water. The
concentrations of copper and silver ions remaining in the water solutions
were measured by AAS; they were less than 107¢ mol/dm~*. The Auger
spectrum of activated carbon impregnated with carbon, presented in Fig.
1, showed that activated carbon is uniformly covered by copper. It also
shows that small quantities of chlorine were always present on the surface.
This is usually explained as contamination of the carbon surface by the
atmosphere.

Three types of activated solids were chosen for the study of the saturation
adsorption capacities of arsenic species as shown in Table 3. The amounts
of silver and copper bound to active adsorbents were determined by AAS,
and they are also given in Table 3.

The data in Table 3 present some important and obvious facts. Arsenic
adsorption on activated carbon with or without a chemical agent is an
extremely complex process, and it depends on the arsenic valence as well
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F1G. 1. Auger spectrum of activated carbon impregnated with copper.

as on the pH value of the solution. These results lead to the conclusion
that activated carbon adsorbs As(V) better than As(1Il1). The saturation
adsorption capacity of the activated carbon for As(V) is 0.27 mmol/g.
Activated carbon is inefficient toward As(IIl). By the chemisorption pro-
cess onto carbon activated with chemical agents, the removing effect of
As(IlT) was improved: slightly with silver but significantly with copper.
The effectiveness of activated carbon was increased from total inactivity
to 0.41 mmol/g. It seems that chemical reaction and the formation of the

TABLE 3
Saturation Adsorption Capacities of Activated Carbon for
Arsenic Species (pH 8; p = 0.001; ¢ = 22°C)

Capacity (mmol/g)

Active material As(I1I) As(V)

Activated carbon 0 0.27

Activated carbon + Ag* ions 0.03 0.03
(0.1 mmol Ag*/g)

Activated carbon + Cu’* ions 0.41 0.23

(1.34 mmol Cu**/g)
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low solubility precipitate CuHAsQO, on the carbon surface was a favorable
process. In the case of As(V), adsorption on impregnated carbon was
slightly reduced to 0.23 mmol/g. This can be attributed to partial covering
of the free carbon surface with silver and copper during impregnation. In
general, physical adsorption is more effective for As(V) while chemisorp-
tion is more favorable for As(I1I). The adsorption process was not notably
improved by silver impregnation of activated carbon. For both arsenic
species the capacities of activated carbon impregnated by silver were the
same: (.03 mmol/g. The results of this part of investigations indicated the
need for further experiments. More detailed investigations used activated
carbon impregnated by copper. The effect of pH on arsenic adsorption on
activated carbon was studied in the pH range between 2 and 12. The results
are shown in Fig. 2.

The data from Fig. 2 clearly indicate that activated carbon is not efficient
for the As(1II) species in water. It seems that electrostatic interaction is
an important mechanism for arsenic adsorption on activated carbon.
H;AsO; molecules are the predominant species for As(1I1) in this pH range,
and as neutral molecules they were not adsorbed onto the slightly positive
or neutral surfaces of activated carbon. Arsenic(11I) is effectively adsorbed
only on active carbon impregnated with copper. The optimal pH range
was between 8 and 10. In this case the adsorption is preferentially chem-
isorption, followed by the formation of a low solubility compound,
CuHASsO;. Arsenic(V) is effectively adsorbed on both active carbon with
and without carbon in the pH range 4 to 9. The anionic forms H,AsO,
and mostly HAsO? are the predominant As(V) species in water in this

1
6 8 10 12 14 pH

FiG. 2. Effect of pH on the saturation adsorption capacity of activated carbon for As(III)

and As(V) in water. (Mo, = 1 g, me, = 85 mg, p = 0.001, ¢+ = 15°C.) (1) Arsenic(IIT)-

activated carbon. (2) Arsenic(111)-activated carbon impregnated with copper. (3) Arsenic(V)-
activated carbon. (4) Arsenic (V)-activated carbon impregnated with copper.
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FiG. 3. Kinetics of arsenic adsorption on carbon activated with copper. (C,, = 1.33 x 107}
mol/dm’, Mepen = 1 g, M, = 85 mg, pH = 8, p = 0.001, ¢ = 15°C.)

range. There is an apparent affinity between the carbon surface and the
negatively charged arsenic species with oxo-function groups, and they were
adsorbed effectively onto the carbon surfaces (72, 13).

The results of the adsorption kinetics of As(IIl) and As(V) on carbon
impregnated by copper are presented in Fig. 3. In both cases the adsorption
rate was exponential. Within the first 30 min more than 50% of the arsenic
was adsorbed as calculated from the saturation adsorption capacities.
As(IIT) was removed from the solution slightly faster than As(V).

The theoretical isotherms can be obtained from Langmuir and Freundlich
equations. Equations (2) and (3) represent the Langmuir and Freundlich
equations, respectively.

. qobC.
qt’ - 1 + bCe (mmOl/g) (2)
q. = K.C} (mmol/g) 3)

Theoretical isotherms for arsenic(V) on activated carbon impregnated with
copper were compared with experimental results. They are presented in
Fig. 4. The isotherms were obtained at pH 8 in distilled water and n =
0.001. The best fit was obtained with a Langmuir-type plot, Curve “L” in
Fig. 4. The Freundlich plot, Curve “F” in Fig. 4, was found to fit equally
well for As(Iil) and As(V) up to an initial concentration of 6.60 x 10-*
mol/dm * (which corresponds to the equilibrium concentration of 0.5
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FI1G. 4. Comparison of theoretical isotherms for arsenic(V) on activated carbon impregnated
with copper. (pH 8, u = 0.001, 1 = 22°C, mymw = 1 g.) F = Freundlich isotherm: g, =

5% 10 ¢ x 826 x C, .
i+ 86 xcC  (mmole); (9

0.1 x C!* (mmol/g); L = Langmuir isotherm; g, =

experimental points.

mmol/dm? in Fig. 4). As the isotherms reach saturation and monolayers
are formed, the Freundlich plots are not applicable, but up to monolayer
formation the “‘F” plots in Fig. 4 are linear. The Langmuir isotherm gives
the best agreement over the whole adsorption range since it predicts the
experimentally observed monolayer coverage better than the exponentially
increasing Freundlich isotherm. The adsorption isotherms for arsenic(I11I)
and (V) on activated carbon with and without copper are shown in
Fig. 5.

The calculated Langmuir parameters for the specified concentration
range are listed in Table 4. The theoretically predicted Langmuir monolayer
coverages, defined by g, in Table 4, are 0.54 mmol/g for arsenic(I11) ad-
sorption on activated carbon and 0.40 and 0.36 mmol/g for arsenic(V) on
activated carbon and activated carbon impregnated by copper, respectively.
The real adsorption capacities, according to the experimentally obtained
data presented in Table 3, are close to the theoretical values only for the
activated carbon impregnated with copper and arsenic(III). In all cases the
residual arsenic concentration in water is less than 6.67 X 10-7 mol/dm’.
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FiG. 5. Langmuir adsorption isotherms of arsenic on activated carbon. (pH §, p = 0.001,

t = 22°C, Mupon = 1 g, me, = 85 mg.) (a) Arsenic(IIT)-activated carbon. (b) Arsenic (11I)-

activated carbon impregnated with copper. (c) Arsenic(V)-activated carbon. (d) Arsenic(V)-
activated carbon impregnated with copper.

Figure 5 shows the Langmuir isotherm plots for arsenic(III) and ar-
senic(V) species in the water. The isotherm values were obtained at pH
8 and 22°C. These data also confirmed that activated carbon impregnated
by copper exhibits a higher adsorption capacity toward both arsenic species
in comparison to activated carbon without chemical impregnation.

Figure 6 shows the breakthrough curves in a column operation using
three different sorbents. The best effects in the continuous flow system

TABLE 4
Langmuir Constants for Adsorption of Arsenic Species from Water on Activated Carbon
(pH 8; u = 0.001; ¢+ = 22°C)

4o

b Fig. 5
Parameters mol/g mg/g (dm*/mol) (curve)
As(IID):
Activated carbon — — a
Activated carbon + Cu®* 5.4 x 107* 40.5 1250 b
As(V):
Activated carbon 4.0 x 10°* 30.0 826 [

Activated carbon + Cu?** 3.6 x 10~ 27.0 939 d
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FiG. 6. Breakthrough curves of arsenic(Ill) in column operation. (pH 8, p = 0.001, ¢t =
22°C, muwn = 1 g.) (a) Activated carbon. (b) Activated carbon impregnated with silver.
(c) Activated carbon impregnated with copper.

were obtained by activated carbon impregnated with copper. The effec-
tiveness of this sorbent was calculated from the curve in Fig. 6 to be 0.18
mmol/g. It is obvious that the effectiveness of all the sorbents to arsenic
bonding and removal was decreased in the flow system (about two times),
but this result suggests that the present arsenic adsorption method can be
successfully applied to a column-type operation.

CONCLUSION

The adsorption capacity of arsenic species in aqueous solutions onto
activated carbon with and without chemical impregnation has been studied.
It is concluded that arsenic adsorption can be effectively accomplished by
activated carbon impregnated by copper. With this type of sorbent both
arsenic species adsorb efficiently from water with saturation capacities of
0.41 (As(111)) and 0.23 (As(V)) mmol/g. Physical adsorption onto acti-
vated carbon is a favorable process for arsenic(V) species, while the chem-
isorption process is favorable for the arsenic(III) speries. All the sorption
processes are pH dependant. pH values of the water are important because
of the cnange in the ionic forms of both arsenic species. Maximal saturation
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adsorption capacities are obtained at a pH range between 4 and 9 in water.
Activated carbon in this pH range exhibited an apparent affinity toward
both arsenic species H;AsO; and H,AsO; that are predominant in water
in this pH range.

NOMENCLATURE

q. adsorption density, concentration of arsenic in the carbon at equi-
librium (mol/g)

X quantity of arsenic adsorbed (mol)

m mass of carbon (g)

m.  concentration of carbon in solutions (g/dm?*)

Co initial concentration of arsenic in solution (mol/dm?)

C. concentration of arsenic in solution at equilibrium (mol/dm?)

b Langmuir constant (dm*/mol)

qu maximal adsorption density, concentration of arsenic in the carbon

at equilibrium (mol/dm?)
K;  Freundlich constant (mol/g)
n Freundlich exponent
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