
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

4 
6:

23
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The effect of the
Laboratory of Environmental Engineering,

University of Annaba, P. O. Box 12, Ann

hotmail.com

Cite this: RSC Adv., 2017, 7, 77

Received 5th October 2016
Accepted 18th November 2016

DOI: 10.1039/c6ra24777f

www.rsc.org/advances

This journal is © The Royal Society of C
nature of organic acids and the
hydrodynamic conditions on the dissolution of Pb
particles

S. Bendebane, L. Tifouti and S. Djerad*

A series of experiments were conducted to examine the effects of three organic acids (propionic, malic and

citric acids) on the rate of Pb dissolution in order to evaluate its potential environmental pollution risk. The

effects of acid concentration, agitation device, temperature and hydrodynamic conditions were

investigated. The results show that propionic acid which contained the lowest number of functional

groups had the greatest effect on Pb dissolution. In fact, it dissolved 100% of Pb particles after 35 min at

the concentration of 5 mM at 25 �C while 92.1 and 47.6% were dissolved by malic and citric acid,

respectively, under the same conditions. It was also found that the effect of the nature of the acid

interfered with that of particle size and the hydrodynamic conditions making the system complicated to

interpret totally.
Introduction

Management of solid waste is one of the major challenges
worldwide. Inadequate collection, recycling or treatment and
uncontrolled disposal of waste in dumps lead to severe hazards.
This situation is especially serious in developing countries
where the use of appropriate treatment and disposal technolo-
gies is rare and the lack of suitable treatment is responsible for
unsatisfactory solid waste management.1 In North Africa, the
population has a Mediterranean diet and consumes a lot of fruit
and vegetables whose wastes are found later dumped in land-
lls co-disposed with metals.2 They undergo anaerobic
fermentation which results in the emission of greenhouse
gases, like methane, and acid leachates that may accelerate the
transport of potentially toxic metals to both surface and
groundwater.

Lead (Pb) is a metal that occurs naturally in the earth's crust,
but human activity such as mining and burning fossil fuels has
caused it to become more widespread. It contaminates soil
through vehicle exhausts, sewage-sludge biosolids and mining.3

Lead particles that settle on the soil can last for years. Its
presence is considered to be a risk to human health when soil
concentrations exceed 400–500mg Pb kg�1 soil4 (EPA, 2001) and
highly contaminated soils may have Pb concentrations
>10 000 mg kg�1.5 Toxicity from Pb-contaminated soils
primarily occurs from direct ingestion. Symptoms of lead
poisoning in adults include high blood pressure, muscle pain,
declines in mental functioning, memory loss and other.
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Low-molecular-weight organic acids are common products
in soils, they are released as exudates by plant roots in the
rhizosphere and, through chelating reactions, promote the
dissolution of minerals and facilitate the uptake of dissolved
elements into plants.6,7 They have also the faculty to increase the
mobility of metallic contaminants in soils polluted by mineral
wastes. Their concentration is generally in the range of 10�3 to
10�5 M,8,9 but can be higher than millimolar under litter10 and
during the anaerobic fermentation of organic wastes. The most
commonly reported organic acids are citric, formic, propionic,
acetic, oxalic, malic, and succinic.11 In the literature, lead
degradation has been studied with organic acids such as formic
and acetic acids in gaseous form formed as by-products of wood
degradation.12–15 The role of volatile organic products on metal
degradation is recognized16 but their effect on aqueous phase
was not extensively studied. Some papers were found dealing
with Pb leaching in framework of metal recovery from acid
battery using inorganic acids as leaching reagent17,18 while other
used organic acids as green process.19–21 Oen, the studies
dealing with metal degradation are conducted in static media
and those dealing with the recovery of metals are conducted
under one type of stirring device. Changing stirring device may
change the hydrodynamic conditions and affect the progress of
the dissolution reactions. There is a lack in literature about this
parameter. On the other hand, it is known that the solubility of
most heavy metals is signicantly enhanced by decreasing pH
values or by adding chelating agents that bond with the metal to
form stable, ring-like coordination complexes called chelates.22

In this study we have checked this assumption by testing three
organic acids (propionic, malic and citric acids) in the disso-
lution of lead particles.
RSC Adv., 2017, 7, 77–86 | 77
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Table 1 Composition of Pb used in this study

Element Ag Fe Bi Cd Cu Ni Sn Pb
% 0.2 0.09 0.3 0.03 0.3 0.07 0.01 99
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Experimental

Lead powder (Sigma Aldrich, $99%) with dimension of 325
mesh was used without pretreatment. The composition of Pb is
given in Table 1. Propionic acid C3H6O2 (99%, Sigma Aldrich),
malic acid C4H6O5 ($98%, Sigma Aldrich) and citric acid
C6H8O7 (99%, Sigma Aldrich) were used as received. Deionized
water was used to prepare all aqueous solutions. Tests of lead
dissolution were performed in a Pyrex glass reactor in which
amass of Pb was contacted with a volume of acid solution under
mechanical agitation. The dissolution rate was followed by the
release of Pb. Pb2+ present in aqueous solution was determined
by volumetric method using NET as indicator. The data pre-
sented are an average of three test replicates with an error of
5%. SEM analyses were performed by using a mini SEM
(Phenom Pure, The Netherlands).
Results and discussion
Effect of variables on dissolution

0.1 g of lead powder was contacted with 250 mL of each acid
solution at 25 �C and 350 rpm. Different acid concentrations
were tested: 5–10–20 mM and 50 mM corresponding to nacid/nPb
¼ 2.6–5.2–10.4 and 26 respectively. The results (Fig. 1a–d) show
that dissolved Pb increased with increasing the concentration of
Fig. 1 Effect of acid concentration on Pb dissolution. Operation conditi

78 | RSC Adv., 2017, 7, 77–86
the organic acids. Pb release was dependent on the nature of the
reagent since propionic acid enhanced the dissolution to the
greater extent while citric acid was the weaker reagent regard-
less of the conditions used.

Plots of Pb dissolution versus time showed different distinct
regimes in the dissolution process; at 1 min the dissolution
attained 78.3, 70.9 and 29.5% with propionic, malic and citric
acids respectively. This rst period was followed by a second
one [1–5 min] in which the slopes of lines decreased indicating
a diminution in the dissolution rate. At t > 5 min the slopes of
lines decreased again and the reaction progressed until reach-
ing 100% with propionic and malic acids and stopped with
citric acid aer a certain time depending on its concentration.

Plots of pH obtained with the three acids during Pb disso-
lution show different behaviors. In fact a rapid increase in pH
values was clearly observed in the rst few minutes with pro-
pionic acid (Fig. 2a) followed to a lesser extent by malic acid
(Fig. 2b) indicating a clear involvement of protons in the
dissolution reaction in both cases while a very slight increase in
pH was observed with citric acid (Fig. 2c). Aer that pH values
registered a plateau with the three acids while the dissolution
was still in progress as shown in Fig. 1a–d. pH values remained
in acidic range (pH < 5). This may indicate that protons were
present in the solution but they could not react with the solid
surface.

The effect of temperature was studied in range 25–50 �C at
350 rpm with 5 mM as acid concentration (Fig. 3). The results
plotted at 20min of reaction show that Pb dissolution registered
44, 85 and 94.8% at 25 �C with citric, malic and propionic acids
respectively and increased to 55.3, 91 and 100% at 35 �C with
the same acids. The effect of temperature on the dissolution
rate was slight in the three cases.
ons: 0.1 g Pb, 25 �C, 350 rpm, V ¼ 250 mL.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Evolution of pH during Pb dissolution with the organic acids at different concentrations. Operation conditions: 0.1 g Pb, 25 �C, 350 rpm, V
¼ 250 mL.
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Pb seems to be effectively dissolved in weak acids. In fact
comparing pKa values of the three organics acids and their
efficiency in Pb dissolution shows that they follow the same
order: propionic (pKa ¼ 4.87) > malic (pKa1 ¼ 3.46) > citric (pKa1

¼ 3.13).
To assess the importance of pH on lead dissolution other

experiments were carried out with sodium citrate C6H6Na2O7-
$1.5H2O (Sigma Aldrich,$99%). In the rst experiment 250 mL
of sodium citrate at the concentration of 5 mM was contacted
with 0.1 g of lead powder at 25 �C and 350 rpm. In the second
one the same amount of sodium citrate was added in solid form
to citric acid at 5 mM aer 20 min of reaction with Pb.
Fig. 3 Effect of temperature on Pb dissolution with the three organic
acids after 20min. Operation conditions: 0.1 g Pb, t¼ 20min, 350 rpm,
V ¼ 250 mL, Cacid ¼ 5 mM.

This journal is © The Royal Society of Chemistry 2017
The results show that the dissolution of Pb with citric acid
alone reached 49% aer 60 min. The addition of sodium citrate
aer 20 min of reaction between citric acid and Pb enhanced
the dissolution to 62% while sodium citrate alone dissolved
75% of Pb aer the same period of time (Fig. 4a). Sodium citrate
was better in Pb dissolution than citric acid.

The pH0 of sodium citrate solution at 5 mM was 5.5 it
increased up to 6.2 aer 60 min of reaction with Pb while pH of
citric acid at 5 mM increased from 3 (at t ¼ 0 min) to 3.2 aer
the same period of time (Fig. 4b). The solution of citric acid was
more acid than that of sodium citrate while sodium citrate was
more effective in lead dissolution. These results conrmed
those obtained with the three acids which showed that lead
dissolution is favored by mild acidity under the conditions used
in this study. This behavior differs from that of many other
minerals that were found to be effectively dissolved under
strong acidic conditions.23,24

The main objective of this study was to investigate Pb
dissolution in organic acids. However, it can be of interest to
study its behavior in mineral acid such as HNO3. For this task
the same operation conditions (0.1 g, 25 �C, 5 mM) were used to
investigate Pb dissolution in HNO3 (Fig. 5a). Three distinct
regions in which the dissolution was marked by the variation in
slopes were observed. pH values increased until stabilization at
around 30 min indicating that the involvement of protons in
this case was more important than with the organic acids
(Fig. 5b).

In the literature the main studies devoted to lead corrosion
were carried out under static conditions because they are
considered to be more closely representative of natural
RSC Adv., 2017, 7, 77–86 | 79
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Fig. 4 Effect of the addition of citrate ligand on Pb dissolution (a) and on the evolution of pH (b) during Pb dissolution. Operation conditions:
0.1 g Pb, 25 �C, 350 rpm, V ¼ 250 mL, Cacid ¼ 5 mM, Ccitrate ¼ 5 mM.

Fig. 5 Dissolution of Pb in HNO3 (a) and the evolution of pH (b) in the presence and absence of stirring. Operation conditions: 0.1 g Pb, 25 �C, V¼
250 mL, HNO3 at 5 mM.
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corrosion conditions. However, investigating the dissolution of
metals under dynamic conditions may be of interest to better
understand the effect of owing conditions.
Effect of hydrodynamic conditions

Transport processes existing in the environment are the
consequence of diffusion or convection of chemical species. It is
known that the dissolution rate of a solid in an aqueous envi-
ronment depends upon the frequency of collisions occurring
between uid molecules and the solid. It is also known that
under the same stirring speed, the frequency of collision inside
a liquid system increases with decreasing the volume of
solution.

In an attempt to evaluate the effect of the hydrodynamic
conditions, other experiments were carried out with propionic
and citric acids in which 75 mL at 16.7 mM, 100 mL at 12.5 mM,
150 mL at 8.3 mM and 250 mL at 5 mM were contacted with the
same amount of Pb (0.1 g) at 25 �C in the presence (350 rpm)
and absence (0 rpm) of stirring (Fig. 6a–d). In both cases the
same mole number of acids was in contract with the same
amount of lead. More or less molecules of water were present to
increase or decrease the total volume of the solution.

The results show two different behaviors; in the presence of
agitation the dissolution of Pb in the presence of propionic acid
was enhanced by increasing the volume of the solution while it
80 | RSC Adv., 2017, 7, 77–86
decreased under the same conditions with citric acid (Fig. 6a–
b). In the absence of agitation the dissolution of Pb decreased
with increasing the volume of propionic acid on the contrary of
citric acid (Fig. 6c–d).

Our results have shown that the progress of the reaction
differs strongly whether the dissolution occurred in static or in
dynamic conditions. To get deeper knowledge on the behavior
of Pb during dissolution under stirring, we have extended our
experiments to the effect of two types of stirring (mechanical
and magnetic) under the same conditions: 100 rpm and 25 �C
by using 250 mL of propionic and citric acids at 5 mM. The
mechanical stirrer was tted with 4 inclined paddles (45� and
2 cm length each) while magnetic stirring was carried out with
a magnetic bar with 2.5 cm length. The results shown in Fig. 7a
and b indicate that in the case of citric acid the dissolution
attained 100% aer 55 min with magnetic stirring and stabi-
lized at 72% with mechanical one. With propionic acid it
attained 100% aer 7 min and 90% aer 60 min with magnetic
and mechanical stirring respectively. With both acids a clear
improvement in the dissolution was observed with magnetic
stirring. The highest dissolution efficiency obtained with citric
acid mechanically stirred was 84% obtained aer 60 min of
reaction using the concentration of 50 mM under 350 rpm
(Fig. 1d) while total dissolution was observed with magnetic
stirring at lower agitation speed (100 rpm) and only 5 mM.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effect of the hydrodynamic conditions on Pb dissolution with propionic and citric acids. (a and b) 350 rpm, (c and d) 0 rpm. Operation
conditions: 0.1 g Pb, 25 �C, nacid ¼ 1.25 � 10�3 mol.

Fig. 7 Effect of mechanical and magnetic stirring on Pb dissolution with citric (a) and propionic acid (b) operation conditions: 0.1 g Pb, 25 �C,
100 rpm, V ¼ 250 mL, Cacid ¼ 5 mM.
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It is worth nothing that with mechanical stirring, the plots
obtained were straight lines with slopes varying aer each
period of time while with magnetic one the plots were curved.
SEM analysis

Generally a powder of any material can be formed by particles
with different sizes. Visual observation of the behavior of Pb
particles during dissolution has shown that as the reaction
begins the solution became trouble indicating the dispersion
of ne particles of Pb into the solution. At the same time the
rest of the powder accumulated rapidly under the paddle
forming agglomerate in the central position of the reactor.
Aer about 1 min the solution became transparent and
remained so up to the end of the experiment. The volume of the
This journal is © The Royal Society of Chemistry 2017
agglomerate located in the centre decreased with time until it
disappeared (with propionic and malic acids). These observa-
tions indicate that the smallest particles tend to oat within the
solution until their total dissolution and the particles with
greater size (dense particles) tend to stay in the bottom of the
reactor.

Fig. 8a shows an overview of Pb powder which is composed
mainly by nes particles and three range of size can be observed
in Fig. 8b; small particles in the range 1–2 mmwhich constitutes
the main part of the powder, a second part of particles with size
in range 10–20 mmand a third and lower part of greater particles
of about 40–50 mm. It is evident from both images that the ne
particles are those oating into the mainstream and conse-
quently the rst to be dissolved by the organic acids.
RSC Adv., 2017, 7, 77–86 | 81
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Fig. 8 SEM images of Pb powder.
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Discussion

Pb dissolution was dependent on the acidity of the solutions,
ligands structure, the functional groups they contain, the
surface complexes they form and the size of the particles.

The structure of metal–ligand complexes is important
because it orients towards a promoting or inhibiting dissolution
process. In the literature, it was reported that the efficient
ligands are those whose functional groups contain two or more
oxygen donors and which can form bi- or multidentate mono-
nuclear surface chelates.25 The faster dissolution of metals by
such compounds is assumed to be due to the interaction of
functional groups with metals that results in the formation of
stable 5- or 6-membered ring structures.26 Pohlman and Coll27

have shown that di- and tri-carboxylic acids containing hydroxyl
functional groups dissolve metal such as Al, Mn, and Fe from
soils faster than similar organic compounds with other func-
tional group combinations. Furrer and Stumm28 and Stumm29

proposed a mechanism of metal dissolution as follows: strong
interaction between the ligand and a supercial metal atom
transfers considerable electron density into the coordination
sphere of the metal cation. This polarization weakens the bond
leaving the complexed metal cation more susceptible to release
from the surface.
82 | RSC Adv., 2017, 7, 77–86
However, our results show strictly the contrary of the
assumption given above since the dissolution rate increased
with the acid which contains less functional groups. In fact,
propionic, malic and citric acids contain respectively one
(CH3CH2COOH), two (HOOC–CH2–CHOH–COOH) and three
(HOOCCH2)2C(OH)COOH carboxylic groups. It is propionic acid
which contains the lower number of functional group that was
the most effective in Pb dissolution while citric acid which is
known as strong dissolving agent was found to be a weak
reagent. Ligand adsorbing on the surface can potentially have
dual effects on the process of breaking metal–oxygen bonds.30

The weak dissolution rate observed with citric acid is interesting
because it highlights the importance of adsorption in the
dissolution process. The adsorption of species is related to the
nature of electrostatic interactions. The measurement of PZC of
Pb was realized with the same method reported elsewhere24 and
the value was found to be 9.98. In this case the adsorption is
favored by decreasing pH value. Thus, it is likely that citric acid
which showed the highest acidity interacts strongly with Pb (a
basic metal) surface than propionic and malic acids and the
release of Pb was consequently hindered. The importance of pH
of themedium during dissolution was observed when citric acid
and sodium citrate were tested under the same conditions. In
fact, when the samemolecule is used at pH0¼ 3 (citric acid) and
5.5 (sodium citrate), it dissolved differently Pb. Decreasing the
strength of attraction between the solid surface and the uid
molecules by increasing the pH of the solution has probably
improved the progress of the dissolution.

The values of equilibrium constant of Pb with organic acids
were reported at 25 �C.31 The values of ML/M.L are as follows:
10�2.08, 10�2.45 and 10�4.08 for propionic, malic and citric acids
respectively. The values show that the reaction of lead with citric
acid tends to form less products than with propionic and malic
acids which corroborates our results. However, this is in
contradiction with the assumption given by Furrer and Stumm.
We believe that this is due to the differences in the conditions
used that may radically change the results obtained. This was
observed in this study. In fact, citric acid exhibited higher
dissolution rate than propionic acid under the condition (75 mL
to 350 rpm) where it registered 52% against 25% with propionic
acid aer 5 min. The same observation was made under
(250 mL to 0 rpm) but the difference was less important since it
registered 32% versus 27% aer 5 min. In these cases, our
results agree with the assumption given by Furrer and Stumm.
Both results show that the conditions in which the dissolution
experiments are carried out inuence directly the nal result
and that it is not possible to apply a unique assumption for all
heterogeneous systems because of the nature of metal, the
composition of the solution and the conditions used. Our
results show also that in the rst few minutes the three acids
exhibited different dissolution rates of Pb indicating that their
nature has affected the solid–liquid interaction.

The fact that citric acid was clearly the weaker reagent may
be due to the fact that it is a complexing agent which contains 3
hydroxyl groups (electron exchanger) and therefore has three
times more likely to bind (anchoring) strongly to the surface of
lead compared to propionic or malic acids and aer the rst few
This journal is © The Royal Society of Chemistry 2017
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minutes of reaction the pH values remained in acidic range
(z3.2) (Fig. 2a) which conserves the strong solid–liquid inter-
actions and favors the sorption of the reaction products thus
blocking the surface and preventing further dissolution.

The results show that pH values stabilized rapidly few
minutes aer the beginning of the reaction while the dissolu-
tion progressed up to 100% with propionic and malic acids.
This indicates the involvement of ligands instead of protons in
this stage of the reactions. In the case of citric acid, the increase
in the dissolution rate was clearly observable only in the rst
few minutes aer which the dissolution almost stopped.
However, the results obtained with sodium citrate have shown
higher dissolution rate compared to citric acid (Fig. 4a). This
may be caused by the fact that at low pH (citric acid) the read-
sorption of an important part of the dissolved species (because
of the high liquid–solid interaction) has blocked the active sites
and consequently the reaction could not progress easily as with
sodium citrate. This was conrmed by the experiment where
sodium citrate was added to citric acid. In fact, aer 20 min of
reaction between Pb and citric acid the addition of sodium
citrate has increased rapidly the pH of the solution and the
dissolution reaction restarted again aer it was almost stopped.
Thus, the acidity played an important role on the further
evolution of the dissolution.

The dissolution of Pb was studied in HNO3 in the presence
(350 rpm) and absence (0 rpm) of stirring (Fig. 5a). The results
show high dissolution rates in both cases. In fact, at 1 min the
dissolution attained 67.3 and 80.3% at 0 and 350 rpm respec-
tively. In the absence of stirring the dissolution rate of Pb in
HNO3 remained high compared to those obtained with the
organic acids. Aer 30 min of reaction the dissolution attained
88 and 96.3% at 0 and 350 rpm respectively. It is interesting to
note that the protonation mechanism dominates in HNO3

(Fig. 5b) since the involvement of protons took longer time (up
to 30 min) compared to the organic acids. The progress of the
reaction in HNO3 up to total dissolution while pH stabilized
aer 30 min was probably due to the effect of nitrates known as
strong oxidants.24,32 In the literature it was reported that in
nitric acid H+ and NO3

� played an inverse role leading to
a competing process between oxide growth and metal dissolu-
tion and that increasing the concentration of HNO3 helps in
developing and sustaining a passive lm on metal surface while
in diluted solution nitrate ion played the role of corrosion
promoter.32 Our experiments were carried out under diluted
conditions and it seems from the results obtained that the
promoting effect of nitrates was more effective than that of
ligands.

There are several investigations in the literature reporting
the adsorption of reaction products on the solid surface. In fact,
Coles et al.33 studied the corrosion of lead in acetic, propionic,
butyric, lactic, succinic and pyruvic acid solutions at different
concentrations. They found that acetic, propionic and butyric
acid solutions gave almost similar results and that basic
carbonate of lead 2PbCO3, Pb(OH)2 was mainly formed as
corrosion product. With pyruvic acid at higher concentration
corrosion products contained carbonate as well as the acid
ligand which inhibit the corrosion process. Abd-El-Rehim
This journal is © The Royal Society of Chemistry 2017
et al.34 investigated the corrosion of lead in acetic, lactic,
oxalic and tartaric acid solutions at 25 �C. They explained lead
dissolution in acetic and lactic acid solutions as a series of
adsorption reactions involving catalysis by L� ions at active
surface sites in monoatomic steps followed by desorption of the
formed soluble salt as follows:

Pb + L(ads)
� / PbL(ads) + e (1)

PbL(ads) + L� / PbL2(ads) + e (2)

PbL2(ads) / PbL2(aq) (3)

where L� is CH3COO
� or CH3CH(OH)COO�. They found that

lactic acid was more corrosive than acetic acid because the
former contained an extra OH group with lone its pair of elec-
trons on the oxygen atom. They found also that tartaric acid was
more corrosive than oxalic acid and explained it by the fact that
lead tartarate was more soluble than lead oxalate. Tétreault
et al.35 investigated lead corrosion in formaldehyde, formic and
acetic acid vapors. They found that lead corrosion with acetic
acid was higher than that with formic acid and that the latter
formed a stable lm composed of lead formate and formate
hydroxide. All these studies pointed out the importance of the
readsorption of the formed species that seem to play a key role
on the progress of the dissolution process. However, the read-
sorption phenomenon may be lowered under certain condi-
tions. This was observed in this study. In fact, with citric acid in
the presence of stirring, increasing the collision frequency
between solid particles and uid molecules by decreasing the
volume of solution has increased the dissolution rate (Fig. 6b).
In the absence of stirring, the increase in dissolution rate with
increasing the volume of the solution (Fig. 6d) was probably due
to the fact that the solubility of the formed products increased
with increasing the amount of water (dilution) which promoted
also the diffusion of the dissolved molecules away from the
solid surface and stimulate the chemical surface reaction
(increase in mass transfer).

With propionic acid the dissolution of lead in both cases
(with and without stirring) was enhanced when the uid
molecules in contact with the solid surface moved slowly. These
results may be explained by the fact that propionic acid which is
a volatile organic acid has only one carboxyl group that binds
weakly to the solid surface compared to citric acid and that any
turbulent movement in the bulk solution may prevent the
surface reaction.

In the literature several studies were devoted to the effect on
hydrodynamic conditions especially in the pharmaceutical
eld. In fact, drug dissolution testing is a fundamental part of
drug product development and manufacturing and the disso-
lution test has been used as a quality control tool. The most
commonly used dissolution test apparatus for release products
is the paddle dissolution apparatus.36–39 In the paddle system
the major component of uid motion through-out the vessel
was the tangential component generated by the momentum
transfer from the paddle via normal stresses and the paddle
rotation is in the tangential direction. The paddle rotation
RSC Adv., 2017, 7, 77–86 | 83
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induced also secondary ows in the axial and radial direc-
tions.40 All these uid movements create complex hydrody-
namic conditions that affect the dissolution rate of drugs. In
fact, there have been reports describing high variability in
results due to the form of the bottom of the vessel (round or
at), to the stirring devices (e.g., paddle) and to the position of
the sample in the vessel.41,42 The effect of the position of the
drug in the vessel on the dissolution rate was studied and
modeled.43 It was found that different velocities exist at
different points in the dissolution vessel and that the lowest
dissolution rate was from the sample located in the centre
under the paddle because of the lowest velocity at that position.
In this study all particles of Pb did not participate simulta-
neously to the reaction since visual observations have shown
that the smallest particles were the rst to be dissolved. The
dissolution rate was aer that conducted by the agglomerate
located in the bottom of the reactor, possessing lower surface
area and exposed to uid with the lowest velocity (central
position). These conditions may be the cause of the retardation
of the dissolution rate observed in all cases aer the rst stage.
The agglomerate did not behave as a compact since some
particles with great size were visually observed making an
ellipsoidal and continual movement of several millimeters
around the agglomerate in the bottom of the reactor. However
we do not know whether these particles could oat within the
solution once their size reached a certain dimension that can
allow their drag by the mainstream. If it is so, then the behavior
of particles is more complex. Lead particles have high density (r
¼ 11.35 g cm�3) this while their dispersion in the bulk was
restricted to the ne particles. The use of magnetic stirring led
to remove the particles from the central position and improve
their dispersion in the solution. The results obtained in this
case were different from those obtained with mechanical stir-
ring. In fact, except the fact that at 1 min high dissolution rate
was obtained corresponding to the reaction of the smallest
particles, continual curves were obtained instead of straight
lines and without any variation of slopes as was the case with
mechanical stirring. This indicated that the same conditions
were maintained inside the reactor with magnetic stirring and
that the particles exposed to the uid reacted with the same
manner over the whole reaction time. Thus, the diffusion
limitation induced by the use of paddle which favored the
agglomeration of the particles disappeared with magnetic stir-
ring and what remained was only the chemical reaction
limitation.

Another cause that may explain the increase in the dissolu-
tion rate with magnetic stirring is that when the magnetic bar
turns it enters directly into collision with the particles located in
the bottom of the reactor (because of the high density of Pb).
The result is that the adsorbed reaction products are detached
from the solid surface leading to exhibits new active sites for
reaction. This phenomenon did not occur with mechanical
stirrer whose paddle was located at 2 cm from the bottom of the
reactor. Stirred conditions which may represent owing media
should be more oen taken into account when investigating the
behavior of metals during dissolution since they may eliminate
the readsorption phenomenon and radically change the results
84 | RSC Adv., 2017, 7, 77–86
obtained. No signicant studies were found dealing with such
task.

The selection of acids used provides a basis for exploring
details of several important reaction mechanisms. Propionic
and malic acids provide examples of protons-promoted disso-
lution in the initial stage. In fact, the rapid increase in pH value
in the rst few minutes was due to H+ attack but the reaction
was short. The stabilization of pH while the dissolution reac-
tion progressed appears to be due to a ligand-promoted
mechanism. In the case of citric acid the contribution of
protons was less signicant and ligand-promoted dissolution
was weak, it is ligand adsorption at low pH that was the main
phenomenon occurring in this case and blocking the dissolu-
tion process. The calculation of initial dissolution rate was
taken at 1 min. The initial rates of dissolution of Pb at exper-
imental conditions yielded: 1.51 � 10�3, 1.36 � 10�3 and 5.7 �
10�4 mol L�1 min�1 for propionic, malic and citric acids
respectively at 5 mM and 1.65 � 10�3, 1.5 � 10�3, 1.07 �
10�3 mol L�1 min�1 respectively at 50 mM. It can be seen that
increasing the concentration of propionic andmalic acids from
5 mM to 50 mM did not inuence noticeably the reaction rate.
This is a characterization of chemical reactions with partial
order with respect to the acids close to zero. A partial order
close to zero indicates that the dissolution is controlled by
a mechanism that precedes the surface chemical reaction. The
straight lines obtained with mechanical stirring are an indi-
cation that the diffusion was the controlling step. In the case of
citric acid, increasing the concentration 10 times (from 5 mM
to 50 mM) increased the initial rate by approximately 2 times
(from 5.7 � 10�4 mol L�1 min�1 to 1.07 � 10�3 mol L�1 min�1).
In this case the dissolution rate was more dependent on acid
concentration than with propionic and malic acids. It is likely
that its strong complexant characteristics played a role in this
result.

It is difficult to model kinetically the behavior of Pb particles
over the whole reaction time since the conditions such as the
velocity of the uid into the reactor, the dispersion of the
particles into the solution and their surface exposed to uid
changed with time and with the location into the reactor. The
changes in the slopes as the reactions progressed were an
indication that new conditions prevailed.

On the other hand, the results obtained showed that Pb was
easily dissolved under mild conditions. It attained 100%, 92.1
and 47.6% aer 35 min with propionic, malic and citric acids
respectively at 5 mM. These observations may be useful for
a hydrometallurgical application when a green process is
chosen to separate Pb from industrial wastes.

These results support also previous nding about the
potential risk of Pb particles spread in environment. In fact,
Giusti et al.44 found that 40–50% of Pb from atmospheric
particles was released in the rst few minutes into seawater,
freshwater and 1 M solution of MgCl2 and that only little or no
further dissolution occurs aer 30 min in freshwater. Similar
results were obtained for Pb dissolution in acid-rain water
and lake water.45 Thus, the presence of soluble ligands in soils
and sediments rich with organic matter might have an
important effect on the mobilization of metals especially
This journal is © The Royal Society of Chemistry 2017
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those with relatively small particles size. Metallic lead in the
form of particles could react easily with existing organic acids
in soils and water especially with those having low number of
functional groups making it easily dispersed into the
environment.
Conclusion

The results obtained in this work show that the system
studied was complex where the effect of particle size, stirring
device, the nature of organic acid and of the metal, all
interfere together giving rise to a unique solid–liquid system.
In fact it was observed that propionic acid which contains low
number of functional groups was more efficient in Pb
dissolution than citric acid known as strong dissolving agent
under almost all conditions. It was also observed that
changing the hydrodynamic conditions changes the limita-
tion step. In fact, the straight lines of Pb dissolution versus
time obtained with mechanical stirring were changed to
curves with magnetic one. This indicates that diffusional
limitations were replaced by chemical reaction limitation. In
the literature the hydrodynamic conditions are not taken into
account during the dissolution studies of minerals and any
assumption posed should integrate all parameters to draw
the correct conclusions on the dissolution conditions.
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