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The adsorption of phosphate ions on chromium metal powder from aqueous solutions of sodium
dihydrogen phosphate labelled with 32P has been studied as a function of concentrative (10~ 3
to 107 % mol 1~ 1), temperature (303--323 K), and pH (3-5—10-6) of the adsorptive solution.
The time for the equilibrium establishment was found to be about 4 hours and it is dependent on
the solution acidity. The smooth and continuous growth of phosphate adsorption follows the first
order kinetics and the rate constants are found to be of the order of 10 ™3 min ~!. The results show
that the adsorption in the system under study obeys the Freundlich isotherm. The increase in
temperature from 303 K to 323 K does not effect the process markedly. The adsorption Kinetics
of phosphate ions is highly dependent on pH of the adsorptive solution. On the basis of the present
data the nature and mechanism of the adsorption are discussed.

In recent years, studies on metal/solution interfaces! ~® have been a subject of much
interest in deciding about the qualitative and quantitative aspects of adsorption of
ions which play an important role in various phenomena like corrosion, passivity or
heterogeneous catalysis as well as in determining the role of metals in the double layer
structure. Investigations are also in progress for the placement of monolayer of
desired species onto metallic electrode surfaces® !' through adsorption enabling
the electrode to carry out a specific function. However, one of the current approaches
to improve fuel cell performance is to use phosphoric acid as an electrolyte'? in which
the adsorbed phosphate species on the electrode surface may be responsible for the
increase of the cell performance in the energy conversion.

A literature survey reveals numerous investigations'®*~17 dealing with the adsorp-
tion of phosphate ions on different metals. These studies are mainly oriented towards
regularity and mechanism of adsorption on metals as a function of pH and time of
contact of the solution with the metal. Nevertheless, the maximum and minimum
phosphate adsorption was explained on the basis of H* and OH™ ion adsorption in
the acidic and alkaline pH ranges. A monolayer uptake of phosphate ions on iron

* Part I: Proc. Intern. Symp. Appl. Technol Ton. Rad. 2, 921 (1982).
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surface has been reported by Thomas'® and the mechanism of oxide film formation on
tantalum and niobium in phosphoric and sulphuric acids has been discussed by
Rardall et al.'®. Kazarinov et al.2® have also investigated the adsorption of H,PO
and SO. ™ ions on platinized platinum surfaces and their findings were in agreement
with the work of Hordnyi et al.'®!7 who investigated the potential and concentration
dependence of specific adsorption of anions (C1~, HSO;, H,PO; ) at low concentra-
tions in IM-HCIO, supporting electrolyte. According to Bakirov and coworkers??
the sorption characteristics of orthophosphate ions on copper and nickel is suitably
described by the Freundlich isotherm. While studying the kinetics of adsorption of
orthophosphate ions on metal oxides and zirconium metal powder, Vissers?? observed
that the process was probably diffusion controlled and made an effort to correlate
the phosphate sorption with BET surface area of the adsorbent. These results further
indicated that the monolayer coverage, describing a fixed stoichiometry existing be-
tween the sorbed phosphate molecules and the metal oxide sites present on the surface,
exists for a fairly wide range of conditions. Yasunaga and coworkers?? dealt with the
kinetics and mechanism of the adsorption-desorption of mono- and divalent phos-
phate ions on y-Al,O; surface which has been classified from static and kinetic
analyses on the basis of model proposed by Davis et al.?*. The latter investigations
revealed that the adsorption rate of divalent phosphate is much faster than that of
the monovalent ion. A recent investigation on the electrochemical adsorption of
phosphoric acid on platinum and gold electrodes from the aqueous solution has been
reported by Bockris et al.?®. Using the combination of radiotracer and FTIR mea-
surements, they have discussed various aspects of adsorption and proposed a valid
model.

The preceding brief review of literature shows that there is no systematic study
dealing with the phosphate ion adsorption on chromium metal surface, particularly
at micro and tracer concentrations. However, phosphate is always found in natural
waters and in most waste waters in such low concentration ranges. Furthermore,
adsorption on chromium metal was chosen because of its paramount importance
in industrial applications as corrosion-resistant material and in refractories. With
respect to the facts mentioned above, this paper present some interesting results on
the regularity and mechanism of the phosphate ion adsorption on chromium metal
powder obtained by the study of the dependence of adsorption on various relevant
factors such as concentration, temperature, and pH of the adsorptive solution.

EXPERIMENTAL

Chemicals and procedure. All stock solutions were prepared from redistilled water and A.R.
grade chemicals. Chromium metal powder (99% pure) of 100 mesh was obtained from Fischer
Scientific Company (U.S.A.) and used as such without any further treatment. Carrier-free 32p
as H;PO, in the dilute HCI solution was supplied by the Bhabha Atomic Research Centre,
Trombay, Bombay (India). This radioactive solution was diluted prior to labelling to obtain the
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required sp=cific activity. The adsorption solutions of required concentrations were prepared from
the stock solution of NaH,PO4.2 H,O (0-1 mol 17 !) by successive dilution. The adsorptive solu-
tions of a particular concentration and pH were obtained by adding suitable quantity of the stock
solution with the calculated amount of HCI and NaQH. The pH of these solutions was checked
using the Elco pH-meter (Model LI-12T, India) with glass and calomel electrodes. The accuracy
of the instrument was 4-0-01 pH. 50 pul of th=s radioactive solution was used to label 10:0 ml of ad-
sorptive solution throughout the investigations.

The procedure consists of keeping weighed quantity of chromium powder (0-100 g) in 10-0 ml
of the labelled adsorption phosphate solution of the required concentration and acidity in a conical
glass centrifuge tube (Vensil). The whole system was thermostatted at the required temperature.
Unless otherwise specified, all experiments were carried out at 303 K except in the temperature-
-dependence studies, where temperature was varied from 303 to 323 K. During the total period
of adsorption, the solution was constantly stirred at a regular interval with uniform speed so that
the sphere of the concentration gradient around one particle does not interfere with the other.
Before adding the adsorbent, an aliquot of the bulk solution was withdrawn using 50 ul SIGMA
micropipette for the measurement of the initial radioactivity. The progress of adsorption of phos-
phate ions with time was then followed by measuring the radioactivity of such withdrawals of
the contact solution at definite time intervals. Special care was taken to avoid any particle coming
with the solution. For this, tubes were placed in a centrifuge machine, centrifuged at 3 000 rpm,
and the solution was allowed to stand for 30 s before each withdrawal. To achieve the constant
adsorption value and to be able to observe various steps of the adsorption, the experiments were
carried out for 24 hours of contact time. Each aliquot was transferred to an aluminium planchette
and dried slowly under infrared lamp. The radioactivities of all samples were m~asured using the
end-window GM counter and the necessary corrections were made.

The relative amount of adsorption was evaluated adopting the differential method, i.e., the
difference between the activity (and hence concentration) before and after the addition of adsor-
bents, using the following relation:

Ry — R,

V
c—, (1)
R, m

ayq =

where a4 is the amount adsorbed at time ¢ (mol g™ ). Ry and R, are radioactivities of bulk at zero
time and time ¢, respectively, ¢ is initial concentration of the adsorptive solution (mol l_l), Vis
the volume of the solution (1), and m is the mass of the adsorbent (g). Accuracy of the method was
checked and evaluated to be 4-2% in our experiments. For the sake of comparison, V/m ratio was
kept constant throughout.

Desorption study. For the desorption study, the metal powders employed in adsorptive mea-
surement, were washed three times with redistilled water and the radioactivity of the solution
was measured after each washing. Subsequently, the desorptive solution (10-0 ml of water and
non-radioactive phosphate solution of known concentration) was added to the solid. The time in-
terval between adsorption and the beginning of desorption was about 10 minutes. After shaking
for various intervals, the progress of desorption was measured during the period of 24 hours in
the same way as in the adsorption experiments.

RESULTS AND DISCUSSION

The results reported here are the average of, at least, three independent measurements.
Figs 1 to 3 show the results of the time growth of the phosphate ions adsorption
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from aqueous solutions of sodium dihydrogen phosphate on chromium metal powder
at various phosphate concentrations, temperature, and pH, respectively. These
curves (a plot of the amount of the adsorbed phosphate ion in mol g™ vs time) clearly
reveal that the smooth and continuous growth of the phosphate ion adsorption is
fast at the initial stages, becoming slower later on and ultimately reaching saturation.
The time required to reach saturation is about 4 hours at all the concentrations
studied (Fig. 1) and it varies from 4 to 8 houts with the increasing pH (Fig. 3). No
further change was observed up to 24 hours of contact in all the cases. The kinetics
and mechanism of the adsorption seem to be similar as the general nature of these
curves is found to be essentially the same in all experiments.
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A steep increase of the curves at lower concentrations of adsorption (Fig. 1) clearly
indicates that the relative fraction of adsorption (%) increases with an increase of
dilution. Such characteristics are seemingly due to the lower number of phosphate
species available at lower concentration in comparison to greater number of sorption
sites on the surface of chromium. Smooth and continuous growth up to satura-
tion, beyond which no further change is found (vide supra) despite long duration of
the contact time (24 hours), suggests that the process involved is uniform and unac-
companied by any complication.

In the present work a simple kinetic analysis of the adsorption process has been
worked out. This reveals that the adsorption on chromium metal follows the first-or-
der adsorption rate expression (Fig. 4) of Lagergren®®:

k
log(a, — a,) = loga. — — 1, 2
g( ) = loga, — —— (2)

where a, is the amount of phosphate adsorbed at equilibrium, a, is the amoun
adsorbed at time ¢, and k is the adsorption rate constant. The rate constants (Table I
at 303 K and pH 4-0 were evaluated from the slope of the straight line applying
the least squares fit procedure. It is noteworthy that the values of k are of the same
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order (1072 min~') at all the concentrations studied. This would indicate that the
adsorption rate is independent of the saturation value of adsorption. Similar results
on the first-order adsorption kinetics have also been reported earlier?” =29,

Furthermore, the concentration dependence of adsorption was analysed from the
cquilibrium data in the concentration range of 107*—107° mol 1~* (Table I). The
plot of the logarithm of saturation adsorption against the logarithm of equilibrium
concentration gives a straight line (Fig. 5), corroborating the validity of the Freundlich
isotherm (a, = Kc?). The slope, b, and intercept, K, are found to be 0-68 and 69 .
. 10" * mol g™, respectively. These values were refined by applying the least squares
fit method. The value of b (0 < b < 1) refers to the incomplete saturation of the
surface together with an exponential distribution of the energy of adsorption
sites®®-*!_In the present case, the value of K would refer to the adsorption capacity
of the chromium surface. The applicability of Freundlich isotherm has been reported
previously?!:*? for the phosphate ion adsorption on copper, nickel, and platinum
metals.

The temperature dependence of adsorption (303—323 K) was studied with
10" * mol 17! adsorptive solution of pH 6-0. Present results at various temperatures
show that the kinetics and amount adsorbed remain unchanged from 303 K to 323 K.
It is evident (Fig. 2) that both the equilibrium and pre-equilibrium values of adsorp-
tion remain almost constant at the temperatures studied. The time variation of
adsorption with temperature is given in Table I1. It is interesting to note that the time
required to attain saturation is not affected by the corresponding variation in tem-
perature. Similar results on temperature independence in the range 296—333 K are
reported by Yap et al.>? and Kulkarni**. Also the effect of temperature on the trace
adsorption has been found to be very small and the adsorption was nearly constant
in the range 273~333 K for many systems®**°. To ascertain definitively about

TABLE |
Kinctic data for the adsorption of H,POg4 ions on chromium metal powder (temperature 303 K,
pH 4:0): intercept K = 69 . 10" * mol g™, slope b = (068 & 0-02)

Initial Equilibrium Amount Rate
adsorptive concentration adsorbed constants

concentration of the bulk ¢, (saturation value) a, k.10°

mol 171 mol 171 mol g~ ! min !
1:0.1073 0-95.1073 0-05.107% 85+ 08
0. 1074 0-86. 107 % 0-14.107° 81 4 0-5
10,1073 074.1073 0-26.107° 81-L 04
1:0.10°° 0-65.10°° 035.1077 107 + 0-3
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the observed temperature independence, low temperature studies are indeed required.
Nonetheless, it seems likely that adsorption, in the present case, has a similar beha-
viour with respect to lower temperature (below room temperature) as reported in
earlier studies. If this would be the case then adsorption should definitely decrease

TABLE I1

Temperature dependence of the adsorption of H,PO4 ions on chromium metal powder (con-

centration 1. 10”% mol1™1, pH 6-0)

Phosphate adsorbed . 105, mol g~

1

Time
h
303 K 308 K 313 K 318 K 323 K
0-16 0-010 0-015 0-013 0-012 0-011
0-50 0-038 0-:024 0-021 0-036 0-050
1-:00 0-084 0-080 0-076 0-085 0-083
2:00 0-101 0116 0-118 0-118 0-125
3-00 0-121 0-129 0-131 0-127 0-130
4-00 0-139 0-128 0-135 0-137 0-138
8-00 0-150 0-153 0-155 0-149 0-147
12.00 0-138 C-151 0150 0-155 0160
16:00 0-142 0-146 0143 0-153 0-141
20-00 0-149 0-160 0-150 0-158 0-140
2400 0-151 0-150 0-153 0163 0-148
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with reduction in temperature, which is a characteristics of either an endothermic
chemical process or an activated adsorption at the surface.

The influence of pH (3-:5—10-6) on the adsorption of phosphate ions on chromium
metal surface was studied at 107° mol 1~ ! phosphate concentration (Fig. 3). The plot
of the amount adsorbed at equilibrium against initial pH is shown in Fig. 6. It would
be evident from this figure that the adsorption increases rapidly with the increasing
pH up to a maximum value at about pH 4-0, followed by a decrease up to pH 60
and thereafter with further increase in pH, it becomes practically constant. It is worth-
noting that the adsorption of phosphate ions on chromium metal is favoured in the
acidic pH range. However, the adsorption of phosphate is found to be inhibited in
aqueous and alkaline pH.

The adsorption of phosphate ions on solids is rather complex than that of other
anions. While considering the adsorption of phosphate species from solutions by
solids, it is well argued that pH markedly affects the states of adsorbents. The possible
states of phosphate species in aqueous solution are molecules and ions, according to
the following dissociation reactions®”:

H,PO, =2 H*' + H,PO; K, =10"%"° (4)
H,PO; = H* + HPO; K, =107 (B)
HPO.~™ =2 H' + PO}~ K;=10"1%23, ()

where K,, K5, and K are the respective dissociation constants at the room tempera-
ture. Owing to the presence of H* and OH ™ ions in the solution, the amount of dif-
ferent forms of phosphate species differs and results in different adsorbability.
Benes et al.*® have shown that the radiophosphorus is always present in the form of
psecudocolloidal particles in trace concentrations. These colloids are negatively
charged or neutral and are formed by the adsorption of H,PO; (also HPO} ™) on
the colloidal impurities in the solution. They are present in fresh solution but their
relative amount increases with the age of solution. The amount of colloids is also
dependent on pH and exists predominantly in solutions of pH 4.

According to the aforesaid arguments, the increase in adsorption up to pH 4-0,
as observed in the present case, may be due 1o the increasing dissociation of phospho-
ric acid to H,PO, or to the greater content of pseudocolloids in the solution. The
decrease in adsorption between pH 4 to 6 is presumably due to the reduced amount
of pseudocolloids. The constant but appreciable amount of adsorption after pH 6
is due to the presence of HPO2™ ions whose adsorbability is found to be lower on
negatively charged surfaces®®,

Another explanation for the pH dependence of adsorption of phosphate ions is
connected with the presence of metal oxide film already present on the chromium
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surface. ESCA study“® has revealed the presence of chromium-rich oxide layer in
which the chromium is present in the trivalent form. Considering the presence of
surface oxide layer on metals, Herczyniska'? has explained the adsorption of phospha-
te ions by ion exchange mechanism. The occurrence of two maxima is reported for the
anion adsorption, one in acidic and another one in neutral pH region. The maximum
adsorption on chromium metal at pH 4-0 is in good agreement with Herczyniska
hypothesis*!. However, second maximum was not observed in the present investi-
gation. Further, decrease in the adsorption of phosphate beyond pH 40 is also
explicable either by the displacement of the oxide layer on the surface during adsorp-
tion or, partly, by water desorption which would be similar to the mechanism pro-
posed by Bockris et al.?® for the adsorption of phosphate species on platinum and
gold surfaces.

The desorption of phosphate ions from chromium powder was also studied in
water and in 107% mol 17! unlabelled phosphate solution. It was observed that no
appreciable activity of adsorbed species was transferred from the metal powders
to the solution for a period of 24 hours of contact. This suggests that adsorbed phos-
phate ions are firmly held on the metal surface supporting a strong bonding between
the phosphate ions and the adsorbent metal surface. It appears that as a consequence
of superposition of comparatively stronger coulombic interactions, the physically
adsorbed species are converted to the final stable adsorption phase. Through radio-
tracer experiments and contact potential measurements, Hackerman and Powers*?
have also concluded that the passive chromium surface may consist of a very thin
and normally undetectable oxide layer overlain by a chemisorbed monolayer of anions
oriented with their negative dipoles out.

Overall results on the adsorption of phosphate ions on chromium metal powder
indicate that the adsorption is of the first-order and obeys the Freundlich isotherm.
Temperature does not seem to affect the adsorption at and above room temperature
and the process is found to be highly dependent on pH. These results together with
the fact that there is no appreciable desorption indicate that the involved adsorption
is of chemical nature.

We acknowledge the assistance of Miss Jyoti Singh, DAE Research Fellow in computer pro-
gramming and one of us (T.B.S.) is thankful to the University Grants Commission, New Delhi, for
a Junior Research Fellowship.
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