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Abstract - Microemulsion systems were used to remove chromium from an aqueous solution obtained from acid 
digestion of tannery sludge. The systems were composed by: coconut oil soap as surfactant, 1-butanol as co-
surfactant, kerosene as the oil phase, and chromium solution as the aqueous phase. Two- and three-phase 
microemulsion extraction methods were investigated in the experiments. Viscosity, effective diameter of the 
droplets, and extraction and re-extraction efficiencies were evaluated for each system. Two- and three-phase 
systems showed small variations in droplet diameter, which can be attributed to the formation of micellar 
structures. Chromium recovery efficiencies for the studied systems were over 96%. The re-extraction step 
showed that the stripping solution used can release more than 96% of the chromium from the microemulsion 
phase. Experimental results confirm that chromium can be recovered efficiently using microemulsion systems. 
Keywords: Tannery sludge; Chromium; Microemulsion; Coconut oil soap; Winsor system. 

 
 
 

INTRODUCTION 
 

Chromium salts (Cr3+) are used in tanning proc-
esses to transform hides or skins into leather (wet-
blue). During the processing of these hides, large 
amounts of chemicals are used, producing solid and 
liquid wastes (Mant et al., 2005; Haroun et al., 2007; 
Lofrano et al., 2013). According to Kiliç et al. 
(2011), tannery sludge contains high levels of chro-
mium, and the disposal of this residue in landfills 
represents a loss of chromium, a commercially valu-
able raw material. The recovery of chromium is im-
portant to minimize the potential health risks associ-
ated with the landfill disposal of sludge. From an 
economic point of view, it reduces the volume of 
landfill waste. 

Chromium is usually found in the environment in 
the +3 and +6 oxidation states. Its hexavalent form is 
very soluble, toxic, and potentially carcinogenic, 
whereas its trivalent form is more stable and presents 
lower toxicity (Gayathri & Senthil Kumar, 2010). It 
is well known that legal standards for environment 
control are becoming stricter and, consequently, the 
discharge of heavy metals into environment is being 
controlled more rigorously. Chromium is released 
into the environment by several industrial activities, 
such as: steel mills, electroplating, tanning, chemical 
manufacturing, pulp and paper manufacturing, wood 
preservation, dyes, ceramics, textiles, and coal benefi-
ciation among others. (Lofrano et al., 2013; Sharma 
& Adholeya, 2011; Gayathri & Senthil Kumar, 2010; 
Stasinakis et al., 2003; Kotás & Stasicka, 2000; Selvi 
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et al., 2001; Adriá-Cerezo et al., 2000; Parks et al., 
2004). 

Microemulsions are single-phased systems formed 
by the spontaneous solubilization of two otherwise 
immiscible liquids in the presence of surfactants, 
with or without the aid of a co-surfactant. They are 
dispersed, macroscopically homogeneous, thermody-
namically stable, and optically transparent (Dantas 
Neto et al., 2011; Qiu & Texter, 2008; Dantas Neto 
et al., 2007; Moulik & Paul, 1998). According to 
Dantas Neto et al. (2009), the simplest structural 
model for microemulsions involves the dispersion of 
spherical droplets with diameters ranging between 10 
and 100 nm. These structures may feature a mono-
layer of surfactants at their interface, depending on 
the composition and structure of the surfactant mole-
cule used. 

The microemulsion is considered to be water-con-
tinuous (Winsor I - WI) when it is in contact with ex-
cess oil, and oil-continuous (Winsor II - WII) when 
in contact with excess water. In a Winsor III system 
(WIII) three phases are present. The middle phase 
microemulsion is in equilibrium with the excess 
aqueous and organic phases. In a Winsor IV (WIV) 
system, only a microemulsion phase is formed 
(Moulik & Paul, 1998; Dantas Neto et al., 2009; 
Castro Dantas et al., 2003). 

In a previous work, Castro Dantas et al. (2009) 
evaluated the use of Winsor II and Winsor IV microe-
mulsions to remove chromium from leather tannery 
sediments. The sludge was treated by a solid-liquid 
extraction process (acid digestion), considering the 
effects of particle size, digestion temperature, and di-
gestion time in chromium release. Chromium extrac-
tion values were up to 73.3% for Winsor II systems 
([Cr] = 163.16 ppm, pH = 3.7), and up to 93.4% for 
Winsor IV ([Cr] = 479.86 ppm, pH = 0.6). 

This paper investigates and compares two- and 
three-phase microemulsion systems, using saponified 
coconut oil as surfactant, for the recovery of chro-
mium from a chromium-rich solution obtained from 
acid digestion of tannery sludge.  
 
 

MATERIALS AND METHODS 
 
Tannery Sludge Digestion Process and Chromium 
Quantification 
 

The tannery sludge was collected from a local in-
dustry. It was dried under normal ambient condition 
(30 °C). The composition of the raw material and the 
methodology for sludge digestion are available in 
Castro Dantas et al. (2009). The quantification of 
chromium in the sediment was performed using an 

X-ray fluorescence spectrometer (Shimadzu - model 
XRF 1800). The equipment detected all metals pre-
sent in the sediment sample. Among these metals, 
chromium represented 13.32% of the dry weight. 
The determination of chromium concentration in 
aqueous solutions was carried out before and after 
the microemulsion extraction using a Varian Spec-
trAA-10-Plus atomic absorption spectrophotometer. 
All experiments, including the characterizations of 
the microemulsions, were performed in duplicate. 
 
Microemulsion Systems 
 

The composition of the coconut oil used in the 
experiments and the saponification reaction em-
ployed to obtain the saponified coconut oil (SCO) 
are described in Castro Dantas et al. (2009). The 
microemulsion system was composed of SCO as 
anionic surfactant (S), 1-butanol as co-surfactant (C), 
kerosene as the oil phase (OP), and chromium sludge 
solution as the aqueous phase (AP). A pseudo-ternary 
phase diagram with all Winsor regions was obtained 
in accordance with Castro Dantas et al. (2009).  
 
Extraction Methods 
 

Two extraction methods were tested. The first one, 
Method A, consisted of mixing predefined quantities 
of chromium sludge solution (acid digestion solution 
diluted in water and pH adjusted to 3.7 with 0.01N 
NaOH, [Cr] = 616ppm), 1-butanol/SCO, and kerosene 
until a phase separation was reached in the WII region 
(water-in-oil microemulsion phase in equilibrium 
with an aqueous phase in excess). The second one, 
Method B, consisted of mixing predefined quantities 
of the same constituents until a phase separation was 
obtained in the WIII region (microemulsion phase in 
equilibrium with aqueous and oil phases in excess). 
After the determination of the Winsor systems inside 
the pseudoternary phase diagram, four points in WII 
and four points in WIII regions were selected to 
evaluate chromium extraction, effective size of the 
droplets, optical microscopy, and viscosity. The ex-
traction percentages were calculated by using the 
following equations: 
 

added E EM V  C               (1) 
 

aqueous phase AP APM V  C            (2) 

 

added

phaseaqueousadded
Cr M

)MM(
(%)E


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where Madded is the total amount of metal in the sys- 
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tem (mg); Maqueous phase is the total amount of metal in 
the aqueous phase after extraction (mg); VE is the 
volume of acid digestion solution used in the system; 
VAP is the volume of aqueous phase after extraction; 
CE is the concentration of metal in the acid digestion 
solution; CAP is the concentration of metal in the 
aqueous phase after extraction; and ECr is the 
percentage of chromium recovered.  
 
Chromium Re-Extraction from the Microemulsion 
Phase 
 

After the extraction process, a re-extraction process 
was performed to recover the chromium from the 
chromium-bearing microemulsion phase. The re-ex-
traction process was made by adding 6 mL of a 10 M 
HCl solution to the chromium-bearing microemulsion 
phase. The presence of hydrochloric acid reduced the 
hydrophilicity of the surfactant, allowing the forma-
tion of a new aqueous phase rich in metal. The ex-
cess aqueous phase was separated using a syringe, 
and it was analyzed by Flame Atomic Absorption 
Spectroscopy (FAAS). The re-extraction percentile 
(RECr) was calculated by using the following equations: 
 

E E EM V  C                 (4) 

 

re re reM V C                (5) 
 

E E re
Cr

E

re

E

M (M M )
RE 100

M

M
100

M

 





    

 

          (6) 

 
where MμE is the total amount of metal in the micro-
emulsion phase (mg); Mre is the total amount of 
metal in the aqueous phase after re-extraction (mg); 
VμE is the volume of microemulsion used in the re-
extraction process; Vre is the volume of aqueous phase 
after re-extraction; CμE is the initial concentration of 
metal in the microemulsion; and Cre is the concentra-
tion of metal in the aqueous phase after re-extraction. 
 
Physicochemical Characterization of Microemulsion 
Systems 
 
Viscosity 
 

According to Moulik and Paul (1998), measure-
ments of viscosity are crucial when studying funda-
mental physicochemical reactions in colloidal disper-
sions. These data can provide first hand information 

on the internal consistency of colloidal dispersions, 
as well as furnish knowledge on the overall geometry 
of the particles of the dispersed phase. In this study, a 
Haake Mars rheometer was used to measure all 
viscosities. The measurements were taken at room 
temperature (27±0.2 °C), with a shear rate ranging 
from 0.00 to 500 s-1. 
 
Effective Droplet Size 
 

This study determined the droplet size for sys-
tems with two- and three-phase regions. The charac-
terization of particle size correlated size with the 
distribution of micelle droplets. The diameters of the 
droplets and their distribution in the microemulsions 
investigated were determined by using a dynamic 
light scattering particle analyzer (Microtrac Granu-
lometer - Nanotrac 252) and the microtrac FLEX ap-
plication software program. 
 
Microscopic Study of Chromium Extraction by WII 
and WIII Microemulsion Systems 
 

Winsor II (two-phase) and Winsor III (three-phase) 
microemulsions were evaluated by optical micros-
copy (Olympus BX51M), and the behavior of the 
phase separation was identified by using a 50x mag-
nification. The active matter and the oil phase were 
placed in a Petri dish, according to the experimental 
composition of the studied system. The required 
amount of digested acid solution (wt.%) was then 
slowly added to the Petri dish to obtain either a WII 
or a WIII system. The dynamic behavior of the phases 
was observed through the microscope when the chro-
mium solution was added. 
 
 

RESULTS AND DISCUSSION 
 
Pseudo-Ternary Phase Diagram 
 

The first step in this research was to obtain the 
Winsor regions inside the pseudo-ternary phase dia-
gram (Figure 1). Based on work conducted by Castro 
Dantas et al. (2003), the co-surfactant/surfactant 
ratio (C/S) was set at 4 and the metal aqueous solu-
tion pH at around 3.7. One can observe that the WII 
and WIII regions are present in the water-rich side, 
in the oil-rich side, and in the central portion of the 
pseudo-ternary phase diagram. 
 
Chromium Extraction by Microemulsion 
 

As explained in the Experimental section, the 
chromium extraction used Method A to evaluate the 
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results. It consisted of placing the digested acid solu-
tion in contact with the oil phase and the active mate-
rial (surfactant + co-surfactant) in concentrations pre-
defined to form two-phase systems (W II). Method B 
used the same procedure to form the three-phase sys-
tems (W III). Table 1 shows the composition of the 
evaluated points and the results for chromium recovery. 

Table 1 shows that all points had chromium ex-
tractions over 96%. Systems inside the WII region 
(5, 6, 7, and 8) have w/o micelles (reverse micelles). 
Systems within the WIII region (1, 2, 3, and 4) have 
o/w and w/o micelles (bi-continuous systems). All 
systems showed very similar extraction behavior, 
which indicates that the shape of the micelle and the 
proportion between the oil and water phases are not 
determining factors in chromium extraction. Systems 
within the WIII region were considered appropriate 
because a chromium-rich microemulsion was ob-
tained with a lower volume and with excess oil after 
the extraction process. Another important factor is 
the small amount of C/S used in WIII systems. Con-
sidering chromium extraction and economic factors, 
Point 4 represents the best choice.  

After the extraction process, a re-extraction step 
was performed. The results for re-extraction are 

shown in Table 1. The chromium recoveries for mi-
croemulsions using WII and WIII showed similar 
behaviors, with results ranging from 96 to 98%. 
 
Viscosity Studies 
 
Several systems with different compositions inside 
the WII and WIII regions were chosen to determine 
their viscosities (Table 2). These systems were 
selected from the water-rich, the oil-rich, and the 
central portion of the pseudoternary phase diagram. 
The goal was to observe the behavior of micellar 
aggregates with varying proportions of oil and water. 
To obtain the composition of the microemulsion 
phase after the separation, the volume of the oil 
phase in excess (WIII systems) and the aqueous 
phase in excess (WII and WIII systems) were meas-
ured and it was assumed that all active material (C/S 
ratio) remained in the microemulsion phase. Accord-
ing Sripriya et al. (2007), in microemulsion systems, 
viscosity is a macroscopic property which largely 
depends upon to the type of aggregates present, on 
their interactions, and on its concentration. Thus it is 
mainly used to monitor the microstructure of the 
system. 

 

 
Figure 1: Pseudo-ternary phase diagram showing the Winsor regions and the extraction points for the studied 
system ([Cr] = 616 ppm, pH 3.7, T = 27 °C). 
 
Table 1: Composition of the extraction points and results for chromium extraction (%) ([Cr] = 616 ppm, 
pH = 3.7, T = 27 °C) and re-extraction (T = 27 °C). 
 

 1 
WIII 

2 
WIII 

3 
WIII 

4 
WIII 

5 
WII 

6 
WII 

7 
WII 

8 
WII 

C/S (wt.%) 16 18 17 14 25 24 20 14 
OP (wt.%) 61 42 35 24 39 18 12 9 
AP (wt.%) 23 40 48 62 36 58 68 77 
CAP (ppm)* 12.7 13.4 12.6 14.8 17.5 17.2 20.1 20.0 
ECr (%)* 96.49 99.18 98.71 98.29 98.43 97.82 97.14 97.05 
RECr(%) 96.34 98.71 98.66 98.18 97.37 96.68 96.55 96.20 
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Table 2: Viscosity, volume, and composition of the microemulsion phase inside the WII and WIII regions 
after chromium extraction, at 27 °C. 
 

Exp. Points 1(WIII) 2(WIII) 3(WIII) 4(WIII) 5(WII) 6(WII) 7(WII) 8(WII) 
Viscosity (Pa.s) 4.90 4.80 4.70 3.82 3.52 4.70 4.70 3.70

µE (wt.) 
AP 7.72 4.45 9.77 8.59 5.97 8.71 13.05 8.03 
OP 49.77 55.47 35.45 33.25 57.31 39.22 32.61 35.93 
C/S 42.51 40.08 54.78 58.16 36.72 52.07 54.34 56.04 

 
One can observe that low viscosity values were 

obtained for all studied systems. For WIII microe-
mulsions, the oil phase had a major influence on the 
results. The three-phase system contained a microe-
mulsion which could not be identified as w/o or o/w 
(bi-continuous structure). For WII systems, it was 
not possible to observe a general trend. Considering 
the microemulsion volume after chromium extrac-

tion, Point 4 represents the best choice. 
 
Effective Droplet Size 
 

Figure 2 shows the results for effective droplet 
size (diameter) for all systems studied. It is important 
to highlight that only the microemulsion phase of 
each system was evaluated in the present study. 

 

 
Figure 2: Droplet diameters and their distribution for all studied systems. 
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Figure 2 shows that the micellar structures formed 
in WIII systems were larger than those formed in WII 
systems. For WII systems, with only reverse micelles, 
it was observed that the size of the droplets is more 
uniform. For points in the WIII region, with direct and 
reverse micelles, a wider distribution was observed. 
 
Microscopic Study of Chromium Extraction Using 
Microemulsion Systems 
 

In this study, to examine the behavior of chro-
mium in microemulsion systems, a WII distilled 
water-based microemulsion (Figure 3a) was compared 
with one containing a digested acid solution (Figure 
3b). Small well-defined spherical droplets were ob-
served in the microemulsion with chromium. The 
location of chromium in the outer ring boundary of 
the droplets was due to the interactions between 
chromium ions and the surfactant molecule. In the 
water-based microemulsion, the small droplets had a 

less intense boundary line. Comparing the Chro-
mium extraction in WII (Figure 3b) with that in WIII 
systems (Figure 3c), one can observe that a greater 
amount of chromium-rich droplets appear in WIII 
system. 

To monitor the behavior of the systems, a new 
study was performed adding 2 wt.% NaCl to the 
chromium solution. In this study, the active matter 
and the oil phase were placed in a Petri dish. The 
chromium solution was added to the Petri dish in 
pre-determined amounts to obtain WII (Figure 4a) and 
WIII systems (Figure 4b). The dynamic behaviors of 
the phases were examined microscopically when the 
solution was added. Analyzing Figure 4a, one can view 
the formation of two phases, as well as the presence 
of chromium-bearing microdroplets in the microe-
mulsion phase. On the other hand, Figure 4b shows the 
formation of three microemulsion phases. The inter-
mediate phase had a lower volume and presented 
chromium-bearing microdroplets. 

 
 

 
Figure 3: Optical microscopy photos, with a magnification of 50x (500 µm), for microemulsion systems: (a) 
WII with distilled water (27 °C), (b) WII with digested acid solution ([Cr] = 616 ppm, pH = 3.7, 27 °C), and (c) 
WIII with digested acid solution ([Cr] = 616 ppm, pH = 3.7, 27 °C). 
 
 

 
Figure 4: Optical microscopy photos, with a magnification of 50x (500µm), 
for WII (a) and WIII (b) microemulsion systems with 2 wt.% NaCl digested 
acid solution ([Cr] = 616 ppm, pH = 3.7, 27 °C). 
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CONCLUSIONS 
 

Winsor II and Winsor III microemulsion systems 
were used to extract chromium from a tannery sludge 
solution. The main conclusions may be summarized 
as follows: 

1. The pseudo-ternary phase diagram showed well-
defined WII and WIII regions, which extended from 
the water-rich to the oil-rich side; 

2. WII and WIII systems showed a very similar 
extraction behavior, with chromium extractions over 
96%; 

3. Systems in the Winsor III region were consid-
ered to be more appropriate due to the small pres-
ence of C/S, to the possibility of recovering the ex-
cess oil phase, and to the formation of a chromium-
bearing microemulsion in lower volume; 

4. Chromium recovery in the re-extraction stage 
showed a similar behavior for WII and WIII microe-
mulsions, demonstrating the effectiveness of the 
stripping solution. 

5. A microemulsion system containing 14 wt.% 
saponified coconut oil, 24 wt% kerosene, and 62 
wt% tannery sludge solution (System 4) was very 
effective, representing the best choice. 
 
 

NOMENCLATURE 
 
AP  aqueous phase 
C  co-surfactant 
C/S co-surfactant/surfactant ratio 
CAP  concentration of metal in the aqueous phase 

after extraction (ppm) 
CE  concentration of metal in the acid digestion 

solution (ppm) 
Cre  concentration of metal in the aqueous phase 

after re-extraction 
CμE  initial concentration of metal in the 

microemulsion 
D droplet diameter (nm) 
ECr percentage of chromium extracted (%) 
FAAS Flame Atomic Absorption Spectrometry 
Madded  total amount of metal in the acid digestion 

solution (g) 
Maqueous 

phase  
total amount of metal in the aqueous phase 
after extraction (g) 

Mre  total amount of metal in the aqueous phase 
after re-extraction (mg) 

MμE  total amount of metal in the microemulsion 
phase (mg) 

OP  oil phase 
RECr  Chromium re-extraction (%) 
S surfactant 

SCO Saponified Coconut Oil 
VAP  volume of aqueous phase after extraction 

(mL) 
VE volume of acid digestion solution used in 

the system (mL) 
Vre volume of aqueous phase after re-extraction
VμE  volume of microemulsion used in the  

re-extraction process 
WI  Winsor I (a microemulsion phase in 

equilibrium with an organic phase in 
excess) 

WII Winsor II (a microemulsion phase in 
equilibrium with an aqueous phase in 
excess) 

WIII  Winsor III (a microemulsion phase in 
equilibrium with both excess aqueous and 
organic phases) 

WIV  Winsor IV (only a single microemulsion 
phase) 
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