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ABSTRACT:- Adsorption characteristics of Pb and Cd were conducted on a natural goethite from
Kaduna (Niperia) and compared same with a synthetic goethite. The adsorption data was fitted
into Langmuir model which gave Langmuir constants k and X _for Pb and Cd as 4.99 & 2.40 and
1.43 & 1.05 respectively. The adsorption behavior was essentially the same, although, synthetic
goethite sorbed a little more metal ion than the natural goethite. This was attributed to the higher
proportion of goethite in synthetic than natural goethite per unit mass of sample rather than
greater chemical reactivity of the synthetic goethite. The influence of variable pH and adsorbent
concentrations on the sorption of Pb and Cd by the natural goethite was studied. Sor ption efficiency
was greatly governed by pH with nearly 100% adsorption of Pb occurring at initial pH of 5.
Generally, Pb was sorbed more strongly with increasing pH from 3 to 5 than Cd and thus poses less
environmental threat. Efficient removal of Pb was achieved at lower dose of goethite, as there was
no appreciable increase in the amount of Pb adsorbed when the adsorbent dose was increased.

INTRODUCTION

Metals and their compounds are indispensable to the
industrial, agricultural and technological advancement of
any nation. The numbers of applications of metals for
commercial uses continueto grow with the developments
of modern Science and Technology. I nevitably, industrial
processes and spent commercial (metallic) products
generate large quantity of metallic waste products, which
are discharge into the water or land-dump sites. It has
been estimated that thetoxicity dueto metallic discharge
annually, into the environmentsfar exceeds the combined
total toxicity of all radioactive and organic wastes as
measured by the quantity of waste required to dilute such
wastes to the drinking water standard. (1, 2) This gives
rise to the growing concern on the gradua build-up of
toxic metalsin the ecosystem.

Lead contamination of the environment is primarily due
to anthropogenic activities making it the most ubiquitous
toxic metal inthe environment (3, 4). Research on Pb has
become adominant topic for environmental and medical
scientists for two obvious reasons: (1) It has no known
biological useand (2) Itistoxicto most living things (4).
Lead readily bioaccumulates in the human-rich surface

layer of the soils due to its complexation with organic
matter. It is the least mobile heavy metal in soils under
reducing or non-acidic conditions. Furthermore, it is one
of the most common trace metal contaminants in urban
soils due to atmospheric deposition from industries and
automobile emission.

When Pbisingested, thereis rapid uptake into red blood
cells forming PbB, then into soft tissues (kidney, bone
marrow, liver and Brain) and followed by a slower-
redistribution to mineralizing tissues (bones and teeth) (1,
3,5).

Hydrous oxides have long been recognized as reactive
soil materialsthat control the availability of metal nutrients
and toxins to plants. Goethite (a-FeOOH) is the most
abundant and most stable of all forms of iron-oxides in
soil and its surface chemistry affects the distribution of
soluble species in soil (6). Synthetic goethite have been
extensively study and applied for the removal of heavy
metal contaminants from industrial solutions (7),
radionuclides from nuclear reactor plants (8, 9) and for
municipal water treatment (10). Despite successes
recorded at batch equilibration level, recent researches
have shown that synthetic goethite, which commonly

55

AJST, \ol. 6, No. 2: December, 2005



N.ABDUS-SALAM

occurs as fine powders or as hydroxides gel, is not
desirable as column packing material (11). In order to
overcome this setback, sand-coating goethite preparation
was recently introduced. It was found to be suitable for
column operation (10, 12).

The process of preparation of sand-coating goethite is
cumbersome, technical and expensive. A substitute, which
provides comparative advantage in terms of adsorption
property, column conditions and cost, will be desirable.
Kaduna goethite was found to contain quartz and silicain
itsnatural structure (Ph.D thesis Abdus-Salam 2005). This
present study investigated the comparative sorption of
lead and cadmium on a natural goethite from Kaduna
(Nigeria) and asynthetic goethite with aview to evaluate
the efficiency of the natural goethitefor theremoval of Pb
and Cd from aqueous solution. The influence of pH as
well as adsorbent loading on the sorption capacity was
also studied.

MATERIALSANDMETHODS
GoethitePreparation

A natural goethite was obtained from adeposit in Kaduna,
Kaduna state, Nigeria. The goethite sample was earlier
characterized and its quantity in terms of amount of
goethite per unit mass of sample was determined (Ife J.
Sci.-accepted for publication).

Synthetic goethite was prepared following literature
method (13, 14). 100.0g of analytical grade of
Fe(NO,),.9H, O wasdissolvedin 1L of de-ionised water in
a 2L plastic container, which was previously sterilized.
The solution was hydrated for 24hrs at pH 1.6 with
continuous stirring with teflon-coated magnetic stirrer.
Then, 2.5M KOH solution was added drop-wise until
solution attained a pH of 12. The resulting thick
suspension was aged for 5 days in a thermostated oven
at 60°C. This was followed by dialysisfor 7 days using
de-ionised water, which was changed twice daily until the
conductivity of the wash solution equals to that of de-
ionised water. The goethite paste was then oven dried at
60°C. The schematic eguation of reactionis

Fe(NO,),.9H,0 + 3KOH — - a-FeOOH +3KNO, + H,0
a-Fe(OH), + 3KNO,

|

a-FEOOH + H,0

The point of zero charge (pzc) of both natural and
synthetic goethite was determined by pH drift method
using sodium nitrate as reference indiferent electrolyte.
The graph of 6pH versus the final pH was plotted
separately for natural and synthetic goethite. The point
of intersection of the curve on the final pH axis, where
6pH iszero, isthe point of zero charge.

L ead and Cadmium Adsor ption Experiments

Analytical grade Pb(NO,), and Cd (NO,), salt were used
for the preparation of the stock solutions of Pb? and Cd?
respectively. The adsorption experimentswere carried out
in0.1M CaCl, background electrolyte solutionsto ensure
a relatively constant and defined ionic strength of the
solution during the adsorption of the metals. Dilutions
were gppropriately madewith 0.1M CaCl, solution, which
serve as background electrolyte to the working
concentrations ranging between 5 — 750ppm and 0.05 —
15ppm for Pb?* and Cd?* respectively. Thereactor for the
equilibration reaction was basically a100ml conical flask
holding 1.0g air-dried goethite sample and 25ml of the
working concentration. Thefraction of the natural goethite
passing through 90um was used. The reactor content was
mechanically agitated on an orbital shaker, Mk V Lh
fermentation type, for 8hr at 120 rpm and at room
temperature (27 = 1°C). The contact experiment was done
in triplicates and the reactor contents were separately
filtered into plastic vials using Whatman 110mm O filter
paper. An Alpha 4 Chem Tech Analytical Atomic
Absorption Spectrometer (AAS) with graphite atomizer
was used to determine Pb and Cd concentration in the
filtrate. Thetriplicates AASvalueswere averaged and the
amount of Pb?*/ Cd?*" was calculated from the difference
between the added and equilibrium concentration of Pb?*/
Cd? (15).

Sorption Kinetics

The batch reactor consists of a250ml 3-neck round bottom
flask, which is fitted with areflux condenser, a 0-100°C
graduated thermometer and the 3" neck was permanently
corked except when aliquot samplewerewithdrawn. 250ml
of 300ppm Pb?* (or 6ppmCd?*), wasthermostated at 30°C
before 1g — goethite was added. The content was
electromagnetically agitated for 3hr while clear aliquot
sample were withdrawn at various time intervals with a
5ml plastic syringe and filtered into plastic vials. Filtrates
were analyzed for residual Pb?/Cd?.
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Effect of pH on Pb?/Cd* Adsor ption.

Onthebasis of previous experimental experience (Abdus-
Salam, 2004), 1.0g goethite was added into the batch reactor
containing 25ml of 10— 750ppm of Pb?* (or 0.05—15ppm
Cd?). The Pb*/Cd?* stock solution was prepared using
distilled water and the pH of the reactor was adjusted to
between 3 and 5 with either HNO, or NaOH to thedesired
pH. The choice of pH range (3-5) wasinformed partly by
theinitial Pb?/Cd? concentrationsin whichitshydrolytic
products are completely soluble and partly by acondition
that confer a predominantly negative surface charge on
the goethite. The whole lot was agitated on an orbital
shaker for 8hr at 27 + 1°C. Equilibrium concentrations of
Pb?* and Cd?* were determined by AAS.

RESULTSAND DISCUSSIONS
pH Selection

Goethite has variable surface charge characteristics, which
gaveit asurface chargethat is pH dependent. The pH of

0.25 1

Fraction of Cd adsorbedin mg/g-goethite

the medium in which goethite is suspended, like other
tropical soils, affects not only the magnitude of the surface
charge but also metal hydrolysis and organic matter
solubility (16). It has been observed that when the pH
increases, divalent metal retention on the surfaces via
adsorption, inner sphere surface complexation and/or
precipitation increases (17).

Pb and Cd sorption in our experiments followed the
expected trend of increasing metal retention with
increasing medium pH asshownin Figures 1 and 2. When
the pH of the adsorbing mediumisincreased from 3—5,
there was a corresponding increase in deprotonation of
the goethite surface leading to adecreasein H* ion on the
goethite surface. This creates more negative charges on
the goethite surface, which favours adsorption of
positively charge species as a result of less repulsion
between the positively charge species and the positive
sites on the goethite surface (18, 19). At initial pH 5,
adsorption of Pb* was practically total (100%) for all
concentrations range studied while it decreased to aslow
as 37% adsorption at pH3 and at the highest concentration

pH 5.0

0 0.1 0.2

0.3 0.4 0.5

Initial concentration of Cd (mg/l)

Figure 1: Adsorption of Cd on Kaduna goethite at pH 3.0, 4.0 and 5.0
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Figure 2: Adsorption of Pb on Kaduna goethite at pH of 3.0, 4.0 and 5.0

(750ppm Pb*). A comparable trend had earlier been
reported for synthetic goethite (20) in which the greatest
proportion of Pb? (~60%) was adsorbed at pH4.5 and
100% adsorption at pH6. In arelated experiment carried
out at pH5.5, up to 90% of the initial lead concentration
was adsorbed by a synthetic goethite (21). Thus, the
behaviour of Kaduna (natural) goethite with respect to
Pb? and Cd?* adsorption is similar to that of synthetic
goethite used by some other researchers.

The dependence of metal ion adsorption on pH as
observed by some researchers over a wider range of pH
(3-12) hasan S-like adsorption curve (22, 23, 24). The S-
like curve describing fractional adsorption, asafunction
of pH was not obtained probably due to lower pH range
used (pH 3-5) where these metal ionsare still sufficiently
soluble. Even whereit wasreported, thereisthelikelihood
of the precipitation of the hydroxide formsof these metals

(at pH > 8). The solubility of metalsisknownto belowered
at higher pH values (24, 25). Thus, resultsthat gave S-like
curve were reflection of adsorption and precipitation
processes on goethite rather than adsorption only.

If all adsorption sites on goethite surface are equally
available and energetically the same for adsorption, the
fractional metal adsorption versus pH curves, Figures 1
and 2, would have been independent of initial metal
concentration, but this was not the case. This
characteristic that ismore apparent at higher concentration
isadeparturefrom Langmuir behaviour and is suggestive
of the presence of different site types with different
adsorption characteristics. From our infrared results of
this goethite (an Ife J. Sci. article already accepted for
publication), 3—different OH coordination groups were
identified. Each group may correspond to different
adsorption energy. Consequently, adsorption sites with
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greatest reactivity are filled first before sites with lower
reactivity. Fractional metal adsorption at lower
concentration was independent of pH and this was
particularly shown with adsorption of Cd at the various
pH valueswherefractional adsorption was essentially the
same (Figure4.43). Thisdifferential surfacereactivity of
goethite, was also observed by some researchers who
worked on synthetic goethite and related minerals (24, 26,

27).

The Influence of adsorbent (goethite) dose on adsorption
of lead at constant adsorbate concentration was studied
for the purpose of determining the right goethite mass
that will bring about a better decontamination of Pb -
contaminated effluent. Figure 3isthe plot of thefractions
of lead adsorbed versus adsorbent dose. Although, there
was an increasing Pb adsorption as adsorbent dose
increases, the percentage of Pb adsorbed per g-goethite
decreases. Efficient removal of Pb was attained at lower
dose of goethite, as there was no appreciable gain in the
amount of Pb adsorbed commensurate with theincreasing
quantity of adsorbent.

L ead and Cadmium Adsor ption
Theinitial pH of the reacting medium (~ 7.0) was slightly
lower than the pH_. of all the goethite samples. At thispH

of 7.0, most of the adsorption sites on the goethite surface
are positively charged with some neutral charge sites.

985 -
98
97.5 -
97
96.5 -

96 -

% of Pb adsorbed

95.5 ~

95 ~ .

94.5 \ \

Under this condition, adsorption is expected to be
unfavourable by electrostatic forces. The only plausible
reason for the observed metal ions adsorption is for the
process to be by other factors. The point of zero charge,
pzc, of Kadunagoethite wasfound to be 7.8. At pH below
the pzc, the goethite surface had a net positive charge.
The adsorption of positive species will be electrically
unfavourable. When adsorption takes place below the
pzc then, the adsorption may be attributed to either (i)
metal adsorption on to the few negatively charge surface
sitesand/or (i) an adsorption of anionic species preceding
cationic species, which increases the net negative on the
goethite surface.

The influence of metal ion concentration was noted on
the percentage metal adsorbed (datanot shown). Asinitial
metal ion concentration increased, the percentage metal
ion adsorbed decreased while the total amount of metal
adsorbed per g-goethite increased. Adsorption of Pb?
and Cd?* involve higher energy sites on goethite surface,
and as initial concentration of metal ion increases the
higher energy sites are first saturated and thereafter,
adsorption to the lower energy (the less energetically
favourable) sites begins resulting in a decrease in the
adsorption efficiency and percentage metal ion adsorbed
(19). The amount of Cd and Pb adsorbed on the goethite
isafunction of the metal ion affinity for goethite surface
and the type of the surface complex formed. The affinity
observed followed the order Pb > Cd and this order is

R?=0.9572

0 1 2

3 4 5 6

Amount of goethite used (g)

Figure 3: Effect of adsorbent (Kaduna goethite) dose on adsorption of Pb
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reflected in the Langmuir bonding energy coefficient, K,
which is highest for the most adsorbed metal ions.
Although, the quantity of metal ions adsorbed by the
natural goethite was different from the previous results
obtained by other researchers working on synthetic
goethite, the order is essentially the same (28, 29). The
differences in the quantities of metals adsorbed by this
natural goethite and goethite synthesized by other workers
could be attributed to a number of factors. Theseinclude
the metal loading concentrations or volume, the contact
time and the amount of adsorbent used, which varied
among various researchers. Essentially, there was an
agreement, between our results and the results obtained
by others who worked with synthetic goethite, at lower
loading concentrations where a total (100%) adsorption
was recorded.

Recent spectroscopic evidence has demonstrated that
these metals (Cd and Pb) form inner-sphere surface
complexesoniron oxide, which isamore specific type of
reaction (30) rather than diffusion process. There is a
preferential adsorption pattern on the goethite that
favours Pb than Cd, which was also observed on some
permanently, charged soil surfaces(31). The chemistry of
thistrend may be attributed to the differencesin behaviour
among these metals or their ionsin solution. Whereas, Pb
(1) isadsorbed as hydrolyzed species, Cd (I1) isnot. This
behaviour is attributed to a number of factors which
include (i) thesmaller hydrated radiusof lead (11) (0.401nm)
compared to cadmium (I1) (0.426nm) (32); (ii) the higher

0.07 1

electronegativity of Pb than Cd (2.10 and 1.69
respectively); (iii) the pK , (negative log. of hydrolysis
constant) of 7.78 and 11.70 for Pb(OH), and Cd(OH),
respectively; and (iv) the strength of acidity of these
metals (Pbisaborder line hard Lewisacid while Cd is soft
Lewis acid). These factors make Pb to be more
preferentially adsorbed through inner-sphere surface
complexation reactions than Cd.

Figures4 and 5 illustrate the adsorption isotherms for Pb
and Cd on Kaduna goethite. Although, initial metal
concentrations varied, the metal behaviour on goethite
was essentially the same. As initial adsorbate
concentration was increase, there was corresponding
increase in the amount of metal adsorbed. This was
followed by a little increase in the amount of metal
adsorbed irrespective of the initial metal concentration.
Theadsorption datafor Cd and Pb fitted well into linearized
form of Langmuir adsorption isotherm asshown in Figures
6 and 7. The Langmuir constants K and X obtained for
CdandPbare1.43& 1.05and 4.99 & 2.40 respectively.

It is interesting to note that the adsorption capacity of
natural goethiteissimilar to that of synthetic goethite as
shownin Figure 10 for Pb adsorption isotherm. The higher
adsorption capacity of synthetic goethite to natural may
be due to percentage active substrate in the material used.
While the proportion of goethite in Kaduna sample was
63.60% only, as obtained from its mineralogical
determination (Ife J. Sci.), as compared to 100% in a

0.06 +

0.05 A

0.04 1

0.03 +

0.02 +

0.01 4

Adsorbed Cd mg/g-goethite

0.15

0 0.05 0.1

0.2 0.25 0.3 0.35 0.4

Initial concentration of Cd2+(mg/I)

Figure 4: Adsorption isotherm for Cd on Kaduna goethite
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Initial concentration of Pb (mg/l)

Amount of Pb adsorbed mg/g-goethite
N
(6]

Figure 5: Adsorption isotherm for Pb on Kaduna goethite

0 T T T T T T T T 1

Reciprocal of adsorbed Cd/g-gothite

0 100 200 300 400 500 600 700 800 900
Reciprocal of Cd equilibrium concentration (I//mg)

Figure 6: Langmuir adsorption isotherm of Cd on Kaduna goethite
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R? = 0.9938

O T T T
0 1 2

Reciprocal of adsorbed Pb (g/mg)

3 4 5 6

Recprocal of equilibrium concentration (mg-1)

Figure 7: Langmuir adsorptin isotherm of Pb on Kaduna goethite

carefully synthesized pure goethite. Thus, the slight
difference particularly observe at higher metal
concentration (> 1.25mg/l) was due essentially to the
effective number of adsorption sites available as a
function of actual amount of goethite per gramme of
substrate used.

Adsorption Kinetics

Theresults of batch equilibration of Cd and Pb adsorption
were used to obtain metal adsorption isotherms as
illustrated in Figures 4 and 5 respectively. Theisotherms
are essentially the same and are typical of L2 curve
isotherm according to Gile’s adsorption isotherm

0.07 -

classification (33). Thisform of isothermis characteristic
of adsorbent with mono-functional ionic substanceswith
very strong intermolecular attraction. The adsorption data
obtained for these metal ionswere converted to linearised
form of 1-site Langmuir adsorption equation with
correlation, R?, vauesof 0.994 for Cd and Pb. The Langmuir
adsorption isotherms are shown in Figures. 6 and 7.

The adsorption kinetics was studied at a constant metal
ion concentration corresponding to the maximum
adsorbed concentration on the increasing portion of the
metal adsorption isotherms (i.e. before equilibrium was
established). The adsorption of the two metal ions were
characterized by initial rapid adsorption which was

0.06 -

0.05

0.04

0.03 ~

0.02 -

0.01 -

—& 1 4

0 T T
0 100 200

Fraction of adsorbed Cd in mg/g-goethite

300 400 500 600

Contact time (min.)

Figure 8: Kinetics of adsorption of Cd on Kaduna goethite
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8 -
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6 -

5,

Adsdorbed Pb in mg/g-goethite
N

0 T T T 1
0 50 100 150 200

Time of contact (minutes)

Figure 9: Kinetics of Pb adsorption on Kaduna goethite

Synthetic

Kaduna

Amount of Pb adasobed mg/g-goethite
w

0 T T T 1
0 5 10 15 20

Initial concentration of Pb (mg/l)

FigurelO: Pb Adsorption Isotherm for Synthetic and Kaduna goethites
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followed by slow but steady increasing adsorption and
reaching about 90% of adsorption maximawithinthefirst
90 minutes of experiment (Figures8 and 9). Theadsorption
was later slowed down with minimal incremental
adsorption. Thisisthe general characteristic of adsorption
of these metal ionsoniron oxides (17, 23). About 90% of
the metals were adsorbed within the 90 min of contact
time as evident from metal adsorption isotherms (Figures
4 and 5). The metal adsorption takes place at the more
reactive surface sites. As these sites are progressively
filled the more difficult the sorption becomes, as the
sorption experiment tends to be more unfavourable. The
differences in surface reactivity of goethite are due to
differencesin OH coordination on goethite surface (35).

CONCLUSON

Experiments conducted on the sorption of Pb and Cd by
synthetic and natural (Kaduna) goethites showed
similarity in quantity of metal ionsadsorbed. Thesdlightly
higher adsorption capacity of synthetic goethite was
attributed to the higher proportion of goethitein synthetic
than natural per unit mass of sample used, rather then
greater chemical reactivity of the synthetic goethite.
Consequently, natural goethite can compete favourably
with synthetic goethite for decontamination of Pb or Zn
from polluted effluents.

Sorption efficiency was greatly governed by pH with
nearly atotal adsorption of Pb occurring at initial pH of 5.
The results of effect of temperature showed significant
increasein thefractional adsorption for slight increasein
temperature; consequently, these factors (pH and
Temperature) can be manipulated to enhance adsorption
capacity of the goethite. The reaction scheme for the
adsorption process of the goethite can be represented by
thefollowing equilibria,

M?*+ SOH——=SOM*+ H"
M? + SOH + H,0—— SOMOH + 2H"

where M represents Cd, Pb or Znwhile OH representsthe
surface hydroxyl group on goethite, S.
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