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Abstract
Studies on the interaction between crude oil, brine, and rock systems showed that the composition of water injected into the 
oil reservoir influences the amount of oil recovered from such a reservoir. Therefore, researchers are now emphasizing the 
use of SmartWater for enhanced oil recovery (EOR). In this research, the capability of activated clay to be used for tuning the 
chemistry of seawater for subsequent production of SmartWater was investigated. Filter cakes were formed using bentonite 
and its blends with raw clay and activated clay (which was produced in-house using locally obtained clay samples). The 
capability of the cakes to control the transport properties of permeating seawater was evaluated in terms of ion rejection. 
The average rejection for the raw clay cake for  Na+,  K+,  Mg2+, and  Ca2+ is 4.45, 49.64, 53.33, and 94.43%, respectively. The 
rejection results for the mixed-matrix cake containing the activated clay were 6.38, 51.34, 86.19, and 78.09 for  Na+,  K+,  Mg2+, 
and  Ca2+, respectively. It was observed that the selectivity of the filter cake for  Mg2+ and  Ca2+ was reversed due to the addi-
tion of the activated clay. Thus, activated clay possesses some potentials for SmartWater production for an EOR application.

Keywords Transport properties · SmartWater · Enhanced oil recovery · Cake filtration · Cation rejection

Introduction

Global energy consumption is expected to grow by about 
1.2% yearly between the years 2010–2050 (Liu 2015). This 
value represents an increase of 11.2 billion tons as com-
pared to the energy consumption in 2010. According to the 
World energy mix (2013), petroleum constitutes 78.4% of 
the total world energy consumption by source. To cater for 
the projected increase in energy demand, more wells are 
expected to be drilled worldwide and advanced oil recovery 
techniques are also expected to be developed to recover the 
left-over oil after secondary recovery techniques. Usually, 
the oil recovery rarely exceeds 35–40% of the original oil-in-
place. This is when the best cases are considered. Therefore, 

there is growing research work on enhanced oil recovery 
techniques.

On a general note, hydrocarbon production stages are 
classified into three: primary, secondary, and tertiary (oth-
erwise called enhanced oil recovery technique) (Adewole 
and Sultan 2014). The enhanced oil recovery (EOR) is an 
established method that is employed to prolong the life of an 
oil well and to obtain the maximum recoverable amount of 
oil from a reservoir (Al-Mutairi and Kokal 2011). Based on 
the recovery mechanism involved, EOR is further classified 
into thermal, chemical, miscible/immiscible gas, microbial, 
and water-based techniques (Nair et al. 2016).

One of the fluids that have been investigated for water-
based techniques is the SmartWater. SmartWater is a type of 
fluid whose chemistry has been optimized in terms of salin-
ity and ionic composition before being injected into a reser-
voir to realize incremental oil recoveries (Al-sofi and Yousef 
2013). The injection of SmartWater into an oil–wet reservoir 
can result in a more water-wet rock surface leading to high 
oil recovery. The increment in oil recovery by SmartWater 
injection is mainly attributed to wettability modification in 
the presence of certain ions at high temperature (Gachuz-
Muro and Sohrabi 2014). SmartWater can be designed by 
modifying the salinity and ionic composition of the injected 
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fluid in such a way that the change in the equilibrium of 
the initial crude oil–brine–rock system will modify the 
initial wetting conditions of the reservoirs (Austad 2013). 
The SmartWater can be injected during early life cycles of 
reservoirs as well as in both secondary and tertiary EOR 
production phases (Mamonov et al. 2017; Austad 2013). The 
use of SmartWater can lead to a higher ultimate oil recovery 
with low added investment, especially when water-flooding 
infrastructure is already in place. Moreover, this technique 
has a low capital cost and expenses. It is an environmentally 
friendly EOR technique with no addition of chemicals. It is 
easily implementable in most oil reservoirs including car-
bonates and sandstones (Mamonov et al. 2017).

SmartWater-Flooding is one of the enhanced oil recovery 
techniques use in modifying the wettability of reservoirs to 
improve oil recovery. It is particularly suitable in sandstone 
and carbonate reservoirs (Gachuz-Muro and Sohrabi 2014). 
Carbonate reservoir where a considerable portion of the 
world’s hydrocarbon endowment is found is one of the most 
difficult targets for EOR applications (Strand et al. 2008; 
Mahmoud et al. 2017). Factors such as low permeability, 
low porosity, fracturing, high brine hardness, and other 
large-scale heterogeneity make the implementation of EOR 
a complicated issue in the carbonate reservoir (Manrique 
et al. 2007).

The technique of SmartWater-Flooding has evolved as 
an innovative method of enhancing the recovery of oil from 
carbonate and sandstone reservoirs by manipulating the ionic 
composition (or the salinity) of the injected water. Based on 
the accessibility of water, most of the sandstone oil reservoirs 
are produced using water flooding to maximize oil recovery. 
Several researches have pointed out the importance of the 
wetting condition of the porous medium for obtaining good 
displacement of the oil by the injected water. The initial wet-
ting condition of an oil reservoir, which has been established 
during millions of years, may not be at the optimum for oil 
displacement by water. Thus, when injecting a SmartWater 
with different ion composition than the initial formation water, 
researchers have concluded that it is possible to modify the 
wetting condition of the reservoir in a favorable way which 
consequently has dramatic effects on oil recovery (especially 
in carbonate reservoirs) (Strand et al. 2006; Strand et al. 2008; 
Puntervold et al. 2009). Fathi and his team described the chem-
ical mechanism explaining the details of why seawater acts as 
a smart fluid for EOR in high-temperature carbonate reservoirs 
(Fathi et al. 2012). Symbiotic interaction between the ions in 
seawater  (Ca2+,  Mg2+, and  SO4

2−) and the carbonate surface 
increases the water wetness of the reservoirs. Consequently, 
the capillary force increases, and water imbibes spontane-
ously into the matrix and then displaces the oil. Moreover, 

other previously published literature revealed that advanced 
ion management of water has a very significant effect on oil 
recovery from carbonate and sandstone reservoirs (Gupta et al. 
2011). The use of low salinity water increased the oil recovery 
to a significant level. Research work has been published on 
the effect of different cations,  Na+,  Ca2+, and  Mg2+, on the 
oil recovery from carbonate cores. Proofs of the possibility 
to improve the performance of water flooding by chemically 
altering the brine/water composition have also been published 
(Strand et al. 2006). For example, it was reported that remov-
ing the calcium concentration from the flooding water will 
force the injected water to leach some of the calcium ions from 
the surface of the pores and cause instability of the exchanging 
cations. This will result in changing carbonate rock wettability 
to a more water-wet resulting in better oil recovery (Sarvestani 
et al. 2019; Gachuz-Muro and Sohrabi 2014). Although there 
are a quite number of publications on the use of SmartWater 
for EOR, there are very few research papers that talk about 
large-scale production of SmartWater where the chemistry of 
the initial seawater will be entirely different from the result-
ing SmartWater. To our knowledge, there is only one paper 
on this subject.

The most common practice of producing SmartWater is 
by dilution with fresh water (Strand et al. 2006). One of the 
major challenges with the dilution method is the need to use 
freshwater for the dilution. Also, it is nearly impossible to 
independently control the concentration of the individual ele-
ment using this method. The resulting SmartWater has simi-
lar chemistry with the original seawater that was used for the 
preparation. Other methods such as membrane separation tech-
nology have also been reported (Nair et al. 2016). The problem 
with this method is that it is difficult to implement. A simpler 
method of producing SmartWater using activated clay is pro-
posed and investigated in this work. The proposed method 
employed the cake filtration technique to tune the chemistry of 
seawater to produce SmartWater with entirely different chem-
istry from the original seawater for the EOR application.

The potential of raw and activated clay has been investi-
gated by various authors (Abu-Eishah 2008; Al-Shahrani 
2012; Komadel 2016). However, none of those authors have 
investigated the use of activated clay for SmartWater produc-
tion. The material employed is locally available clay which can 
be activated using inexpensive methods and resources. The 
method has the potential to be used onsite preventing the use 
of trucks to transfer freshwater over a long distance. Therefore, 
the main objective of this work is to evaluate the potential of 
activated clay for the production of SmartWater from seawater. 
The activated clay used in this work was produced in-house 
using locally obtained clay.
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Materials and methods

Materials

The main materials that were used are the raw clay that was 
obtained locally, commercial bentonite, and acid solution.

Sample collection and processing

Samples used in this work were obtained from the outcrop 
of clay deposits. Eight samples of the clay collected from 
various parts of the outcrop were analyzed. Analytical tests 
were performed to identify the various types of clays that 
are contained in each of the raw samples. Prior to activa-
tion, the clay samples were dried for 16 h at a temperature of 
110 °C. The moisture removed due to the drying is ~ 12 wt%. 
The dried samples were then ground for various durations 
of time to determine the best grinding operating conditions. 
Ground samples were sieved, and particle size analysis was 
performed using sieve analysis.

Compositional analysis of raw clay

The compositional and morphological analyses of the raw 
clay were performed using X-ray powder diffraction (XRD), 
scanning electron microscope (SEM), and energy-dispersive 
spectroscopy (EDS).

Activation of clay

Clay samples were subjected to microwave treatment in 
order to extract some metal content out of the clay and create 
some binding sites. A variety of techniques are available for 
the extraction of metal content from solid samples. A tech-
nique that involves the partial dissolution of the samples was 
used in this work. This was chosen to limit the extraction to 
the solid surface and preserve the metals that are contained 
within silicate minerals (Chao and Sanzolone 1992). In this 
work, a microwave-assisted hot acid digestion method was 
used in combination with the procedure developed by the 
environmental protection agency (EPA) (EPA 1996). The 
method was slightly modified to suit the objective of the 
work. The method was executed using an automated/pro-
grammable microwave digester (MARS 6). The equipment 
was equipped with six sample vessels with 55 L cavity size.

One gram of the clay sample was placed in the micro-
wave vessel and digested in 9 mL of concentrated nitric acid. 
The mixture was left for 15 min to allow any resulting gas 
(such as carbon dioxide) to escape. The sample and acid 
were placed in inert polymeric microwave vessels. The ves-
sels were then sealed and heated in the microwave system. 

The microwave was operated at a ramp time of 20 min, hold 
time of 10 min, a temperature of 200 °C, and pressure of 800 
psi. After cooling, the vessel contents were centrifuged for 
the residual (the activated clay which mainly siliceous) to 
settle out of the solution. Samples obtained afterward were 
washed several times with fresh water to remove the metallic 
ions. The activated clay was finally obtained by filtering the 
washed sample followed by air drying.

Particle size measurement

The particle size distribution of the samples was investi-
gated by dynamic light scattering (DLS) in the water at room 
temperature using a Fritsch Analysette 22 MicroTec Plus 
Particle Size Analyzer. The measurement was done for three 
samples: commercial bentonite, raw clay, and the activated 
clay powder.

XRF analysis of elemental and oxide compositions

Elemental and oxide compositions of the samples were done 
using M4 Tornado µ-XRF (micro-X-ray fluorescence) by 
Bruker Nano GmbH, Germany. Since µ-XRF analysis is 
typically a spot analysis, it is difficult to obtain a perfect rep-
resentative elemental composition of clay samples because 
no single small spot can be homogenous enough to represent 
the composition of the whole clay bulk. To forestall this, five 
carefully selected points of 10 µm diameter are picked on the 
samples’ surface to ensure the results obtained are relatively 
representative of the actual compositions. The average val-
ues of the five points and their respective standard deviations 
are reported. Both elemental atomic percentages and mass 
percentages of the oxides are determined and reported.

FTIR analysis

The FTIR analysis was performed using a fine powder of the 
samples. The analysis was carried out using Nicolet 6700 
FTIR spectrometer by Thermo Fisher. The IR spectra were 
recorded for the MIR region (between 500 and 4000 cm−1). 
For each sample, 32 scans with a resolution of 4 cm−1 were 
recorded. Spectra processing was performed using the 
OMNIC software package.

Sample preparation for SmartWater production

The potential of clay for SmartWater production was tested 
using the cake filtration technique. Samples were prepared in 
the form of mud using 350 ml of water (seawater, and fresh-
water), and 22.5 g of a blend of commercial bentonite and 
the activated clay. The freshwater mud sample was used as 
a control sample. The transport properties of ions (Sodium, 
Calcium, Magnesium, and Potassium) through the formed 
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cake membrane were measured using Metrohm 850 Profes-
sional Ion Chromatography (IC) equipped with MagIC Net 
software. The instrument was calibrated with 3-point stand-
ards prior to analysis. For the cation quantification, dilute 
 HNO3 was used as the eluent solution. The eluent flows at 
0.9 mL/min under pressure set at 7.83 MPa. Total dissolved 
solids were measured for both the feed and permeate using 
a Multi-Parameter Conductivity meter. The ability of the 
filter cake to tune the chemistry of seawater was calculated 
in terms of ion rejection.

Measurement of transport property

The transport property measurement method commonly 
employed in membrane filtration was used in this study. The 
filtration property is the most important variable for measur-
ing the potential of membrane for filtration. In the practical 
sense, the SmartWater production is to be achieved via a 
cake filtration process. During the cake filtration process, 
suspended fluid particles are captured on the surface of a 
filter paper and accumulate as a filter cake. In this work, 
a dead-end approach was used. Therefore, the filter cake 
can be described as a filtration membrane whose feed is the 
mixture of clay and the seawater and whose permeate is the 
SmartWater. The overall phenomenon of cake filtration that 
is happening during the process could be pictorially repre-
sented using Fig. 1.

The transport properties were measure using the filtration 
experiments with a filter press setup to represent the cake 

filtration technique. Properties were measured at laboratory 
conditions to determine the flux and ions rejection. The filter 
press was used with nitrogen gas providing the necessary 
pressure. The prepared sample was stirred and poured into 
the cell fitted with filter paper underneath. The assembly 
was mounted on the filter press, and a graduated cylinder 
was placed underdrain tube to receive filtrate. 100 psi pres-
sure was applied, and the test period was started at the same 
time. The filtrate volume was recorded at 5-min intervals 
for 60 min.

The salt rejection was calculated using the expression in 
Eq. 1

where R is the rejection, Ci and Cf are the initial and final ion 
concentrations, respectively.

Results and discussion

Characterization of raw clay

Compositional analysis was carried out to determine the 
elemental composition analysis of the clay that was used. 
Eight samples which were taken from various locations were 
evaluated. The results of XRD are shown in Fig. 2.

From this figure, it can be observed that the peaks for all 
the eight samples are quite similar to one another and the 
Wyoming clay. The results on this figure indicate that all the 
samples are similar in composition and that clay taken from 
any of these eight locations can be used for the intended 
purpose. Also, the results of the XRD indicate that the clay 
used in this work and the Wyoming clay have some compo-
nents in common. The prominent peaks that were observed 
around 2θ = 27 and 60 indicate the presence of quartz. The 
two peaks observed at 21 and 40 may be interpreted as the 
presence of Felspar. Some other visible peaks at 20, 35, 
37, 55, 62, 74, and 76 correspond to montmorillonite as 
reported for the Wyoming clay (Falode et al. 2008). The 
peak at 2θ = 46 is an indication of the presence of calcite.

The SEM/EDS images of selected samples from various 
locations are shown in Fig. 3. The images clearly revealed 
the morphological similarity between the clay samples. 
The results of the EDS analysis for the eight samples are 
shown in Fig. 4. The elemental analysis shown in this fig-
ure shows a similarity among all the samples. The figure 
reveals oxygen to be the most dominant element followed 
by silicon. The results also showed that the clay contains 
metals such as Na, Mg, Al, K, Ca, Ti, Fe, Cu, and Zn. 
Generally, clays are often classified based on the Na and 

(1)R =

(

1 −
Cf

Ci

)

× 100

Fig. 1  Description of cake filtration process for SmartWater produc-
tion
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Ca content as Ca-based and Na-based clay. To classify the 
clay sample used in this study, the ratio of these two met-
als was evaluated. The ratio Na/Ca of this clay is shown in 
Table 1. The results from this table showed that this ratio 
is greater than unity for the samples. This shows that the 
clay is more of Na-based clay than Ca.

Analysis of activated clay

The capability of the activated clay to perform the required 
tuning of the chemistry of seawater is a direct measure 
of its characteristic property. Sample conductivity can be 
regarded as a quick indicator of water quality since it is 

Fig. 2  XRD spectrum of 
samples from various loca-
tions compared with Wyoming 
Bentonite

Fig. 3  SEM images of selected samples from various locations
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related to the sum of all ionized solutes or total dissolved 
solids (TDS) content of the water. Therefore, the gradual 
removal of the metallic ions from the residual sample was 
monitored by measuring the electrical conductivity of the 
supernatant that was obtained after washing and centrifug-
ing the activated clay samples. The change in the values 
of the conductivity of the sample supernatant is shown in 
Figs. 5 and 6. Figure 5 contains the conductivity of the first 
supernatant (the activated clay solution as it was removed 
from the microwave oven) immediately after treatment. 
Six vessels were used to perform microwave treatment. 
Two out of the six samples were then chosen, and their 
conductivity values were monitored with respect to the 
number of washing. Results of the conductivity of the 
supernatant corresponding to the number of washing are 
shown in Fig. 6. Activated clay samples were washed ten 
times to remove binding metallic ions. From this figure, it 
can be observed that the conductivity became practically 
constant after the fourth washing. This is an indication that 
all the free cations have been washed away during the first 
four washing (Fig. 7).   

Fig. 4  Elemental compositions of samples from various locations

Table 1  Na+/Ca2+ ratio Element B1 B2 B3 B4 B5 B6 B7 B8

Na+ 1.25 1.34 1.02 1.38 1.41 1.46 1.10 1.49
Ca2+ 0.85 0.82 0.77 0.82 0.93 0.84 0.83 0.82
Na+/Ca2+ 1.47 1.63 1.32 1.68 1.68 1.74 1.33 1.82

Fig. 5  Total dissolved solids (TDS) that were measured in terms of 
conductivity of the first supernatants collected from the six sample 
vessels immediately after microwave treatment
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Particle size measurement

Particle size analysis was done for the commercial bentonite 
clay, raw clay, and the activated clay samples. The results 
of the particle size analysis revealed activated clay samples 
with heterogeneous particle size distribution. The average 
size of the commercial bentonite clay was observed to be 
1 µm with a specific surface area of 102,184 cm2/cm3. The 
raw clay powder has an average size of 7 µm with a spe-
cific surface area of 42,071 cm2/cm3, while the activated 
clay has an average size of 12 µm and a specific surface 
area of 18,987 cm2/cm3. Clearly, the commercial benton-
ite particles are the smallest but have the highest surface 
area. On the other hand, the activated clay has the highest 
particle size with the lowest surface area. The initial par-
ticle of the raw clay was observed to have influenced the 
particle of the activated clay. The microwave treatment, 
therefore, was observed to have resulted in an increase in 
particle size which consequently reduced the surface area. 
The activated particle size increased by about 71%, while 
the specific surface area dropped by 55% as compared with 
the raw clay. Despite the lowest surface area, the activated 
clay particles demonstrated the best ability to control the 
transport properties of the clay as will be explained in the 
subsequent sections.

FTIR analysis

FTIR was performed for structural determination of sam-
ples by interpreting characteristic spectra ranges which 
resulted from molecular vibrations of a specific structural 
group. The FTIR results are shown in Fig. 8. For all the 
samples, small peaks that were observed around 500 and 

Fig. 6  Total dissolved solids (TDS) that were measured in terms of 
conductivity of supernatant used for washing

Fig. 7  Particle size distributions for the bentonite and clay (before 
and after the microwave treatment)

Fig. 8  FTIR spectra of the com-
mercial bentonite and the clay 
(before and after treatment)
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920 are characteristics bands for the stretching and bend-
ing vibrations of the hydroxyl group (OH) contained within 
the clay. The OH bending vibrations have been observed 
at ≈ 920  cm−1 for AlAlOH, ≈ 880  cm−1 for AlFeOH, 
and ≈ 850 cm−1 for AlMgOH (Gates et al. 2017). The spectra 
at around 3620 and 647, 668 and 667 cm−1, can be attributed 
to the OH stretching and bending for minerals containing 
Mg(II) and Li(I) in the octahedral sheet (Madejová et al. 
2009). The spectra at 3620 cm−1 were found only for the 
raw clay and the bentonite. This spectrum disappeared after 
the activation and hence was not found in the activated clay 
due to the removal of certain metallic ions such as Mg. The 
method of activation used in this work was carefully per-
formed to preserve the metals that are contained within the 
clay thereby preserving the clay structure. The presence of 
the spectra at 647 and 668 cm−1 for raw clay and activated 
clay, respectively, is an indication of the presence of a small 
amount of metal which may mean that the structure of the 
clay is not destroyed. Bands were observed to also occur at 
993, 1060, and 991 for raw clay, activated clay, and benton-
ite, respectively. In many FTIR results, the bands around 
these peaks have been attributed to Si–O stretching vibration 
of the tetrahedral sheet of clay (Madejová et al. 2009).

On a general note, the peaks of bentonite and raw clay 
are much similar. This is in line with the results of XRD 
in Fig. 2. Moreover, there is a clear difference between the 
peaks of the three curves between 1000 and 2000 cm−1. The 
absence of peaks within this range for the activated clay 
can infer the absence of certain metallic ions and functional 
groups from the samples. Also, the gradual decrease or the 
disappearance of certain spectra can be interpreted as dimin-
ishing in the content of the atoms which causes that particu-
lar spectra (Madejová et al. 2009).

Furthermore, the shift in Si–O stretching was reported 
to be due to the formation of an amorphous silica phase 
(Komadel 2016). This fact was later corroborated by the 

results of the transport properties which will be explained 
in a later section of this manuscript.

Based on the FTIR results, it can be inferred that the 
microwave treatment has no significant effect on the struc-
ture of the silicate within the clay bentonite.

Energy‑dispersive X‑ray spectroscopy (EDS)

The EDS was done to evaluate the elemental compositions of 
the clay before and after the activation process. The results 
of this analysis are shown in Figs. 9 and 10. The results in 
Fig. 9 show that the raw clay contains a large amount of Si 
and O. The major metallic ions are Al and Fe, while other 
components such as Mg, Na, Cl, Ca, Ti, Cu and Ka are also 
present but in relatively smaller percentages. It was evident 
in Fig. 10 that all the metals have been removed except Al 
which is about 4 wt% of the activated clay (Figs. 11, 12).

XRF analysis

The XRF measurement was also performed to complement 
our understanding of the structure and composition of the 
clay obtained after treatment. The mean values of these 
measurements are the averages of atomic weight percent 
obtained from 5 readings. The results obtained from the 
XRF measurement for the elemental composition are shown 
in Table 2. As shown in this table, the activation process 
has removed acid-soluble species in the raw clay leaving 
mainly the insoluble ones (Si). Element such as magnesium 
was observed to have been removed totally. Other elements 
(apart from Si) constitute less than 3% of the amount of the 
elements present in the activated clay.

The results of the XRF measurement for the composition 
of oxide are shown in Table 3. The activated clay is observed 
to be mainly  SiO2. The  SiO2 compositions of the three sam-
ples are 63.941, 55.558, and 96.258 for the bentonite, raw 

Fig. 9  Elemental composition 
of raw clay (before the activa-
tion)
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clay, and the activated clay, respectively. The activated clay 
has the highest percentage of  SiO2 due to the removal of 
most of the constituent metals.

Transport properties

The transport properties were evaluated with respect to the 
solute’s concentration and individual concentration of ions. 
Mud was prepared from bentonite and blends of bentonite, 
clay, and activated clay. Freshwater and synthetic seawater 
were used in preparing the mud. The mud samples were 
used to form filter cake which was used as the filter media. 

Fig. 10  Elemental composition 
of the activated clay (after the 
activation)

Fig. 11  Cation rejection of filter cake containing pure bentonite

Fig. 12  Cation rejection of modified filter cake containing pure ben-
tonite and activated clay

Table 2  Elemental composition of the clay samples as measured by 
µ-XRF

ND not detected

Elements Atomic wt%

Bentonite Raw clay Activated clay

Na 1.345 ± 0.127 0.984 ± 0.250 0.163 ± 0.035
Mg 1.633 ± 0.040 1.587 ± 0.048 0.000 ± 0.000
Al 18.335 ± 0.136 15.747 ± 0.067 0.542 ± 0.020
Si 56.802 ± 0.264 44.303 ± 0.224 92.240 ± 0.154
S 0.744 ± 0.059 0.000 ± 0.000 0.000 ± 0.004
Cl 0.000 ± 0.000 5.106 ± 0.017 0.038 ± 0.004
K 2.536 ± 0.251 2.720 ± 0.045 0.873 ± 0.051
Ca 2.397 ± 0.260 1.835 ± 0.023 0.052 ± 0.001
Ti 0.622 ± 0.041 2.326 ± 0.026 5.360 ± 0.099
Mn 0.042 ± 0.005 0.036 ± 0.001 0.025 ± 0.001
Fe 15.219 ± 0.340 25.088 ± 0.314 0.732 ± 0.017
Zn 0.048 ± 0.008 0.076 ± 0.014 0.016 ± 0.005
As 0.014 ± 0.001 0.003 ± 0.001 ND
Br 0.000 ± 0.000 0.024 ± 0.001 0.001 ± 0.000
Rb 0.013 ± 0.003 0.023 ± 0.001 0.009 ± 0.001
Sr 0.251 ± 0.036 0.143 ± 0.007 0.027 ± 0.001
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Table 4 displays the bulk solute concentration of the filtrate 
obtained from pure bentonite mud and a mixture of activated 
clay and bentonite mud. The concentration was measured 
in terms of conductivity. The results from this table showed 
that the filter cake has some capability for rejecting the sol-
utes and tune the chemistry of the water used in preparing 
the mud. The filter cake property is expected to change with 
time. Therefore, the filtrate sample was collected and tested 
after every 5 min. For pure bentonite, there was a decrease 
in the concentration of the brine solution by about 5% within 
the first 5 min of filtration. It was observed that this change 
in concentration increased to 6.5, 7.5, and 8.3 at 10, 30, 
and 40 min, respectively. From the 40th minute onward, 
the increase was noticed to be very insignificant. This is an 
indication of some equilibrium filter cake properties and the 
average conductivity between 40 and 60th min was found to 
be 8.5 mS/cm.

The use of charged particles for tuning the chemistry of 
the seawater to produce SmartWater was investigated using 
in-house prepared activated clay. The effect of the activated 
clay on solutes transport is shown in Table 4. It was observed 
that the filter cake containing activated clay had better con-
trol over the solutes transport than the ones containing only 
pure bentonite. The concentration of the solute in the per-
meate (filtrate) was found to drop by 12.7, 13.3, 13.4, and 
13.1% for the first 5, 20, 30, and 40 min, respectively. Unlike 
the pure bentonite filter cake, the concentration of the per-
meating seawater was found to be almost constant above the 
10th min. The average change in concentration between 20 
and 60 was found to be 13.6%.

The results of this table clearly revealed that there is a 
change between the chemistry of the initial seawater and the 
filtrate after passing through the formed filter cake. However, 
there is no clear indication as to which particular ion has 
been removed from the seawater as it passes through the 
filter cake. To get the clear knowledge of the specific ions 
that were removed from the seawater, another analysis was 
conducted to identify individual ions contained in the filtrate 
and the seawater using the ion chromatography. The test 
conducted on individual ions was done for  Na+,  K+,  Mg2+, 
and  Ca2+. The results are shown in Fig. 5 and Fig. 6. The 
figures contain the percentage cation rejection by the pure 
bentonite filter cake and activated clay filter cake, respec-
tively. The results obtained confirmed that all the filter cakes 
exhibit some abilities to control the transport of the ions that 
are contained in the seawater passing through them. How-
ever, the extent of the control differs from one filter cake to 
another. In Fig. 5, which contains the results for pure benton-
ite filter cake, an equilibrium concentration was observed as 
early as around 5–10 min into the filtration experiment (for 
some ions such as  K+ and  Mg2+). For example, the rejection 
of  Mg2+ was 49.5% at 5 min. It later increased to 54.8 at 
10 min. There were no significant changes in its concentra-
tion afterward. The concentration at 60 min is 55.2, while 
the average concentration between 10 and 60 min is 54. The 
rejection values obtained for  Na+ and  Ca2+ were 0.54 and 
100% of the initial brine concentration, respectively, within 
the first 5 min. This indicates that the pure bentonite cake 
has a very minimal restriction on the transport of  Na+, while 
it exhibits very high restriction on  Ca2+ within this time.

Generally, there appeared to be some fluctuations in the 
concentration of  Na+ with time. The rejection recorded for 
this ion does not follow any regular pattern except toward 
the end of the experiment. For example, the rejection values 
recorded at 50 and 60 min are 6.0 and 10.9, respectively. The 
rejection of  Ca2+ was also observed to drop by about 13% at 
the 10th minute as compared to the value at the 5th minute. 
From 10 min, the rejection was observed to increase gradu-
ally from 87.8% at 10 min to 99.5% at 30 min. For the pure 
bentonite filter cake, rejection for  Mg2+ is about half that for 

Table 3  Metallic oxide composition of the clay samples as measured 
by µ-XRF

Oxide Atomic wt%

Bentonite Raw clay Activated clay

Na2O 1.262 ± 0.120 0.921 ± 0.234 0.102 ± 0.035
MgO 1.774 ± 0.043 1.762 ± 0.052 0.000 ± 0.000
Al2O3 21.177 ± 0.130 19.085 ± 0.070 0.611 ± 0.022
SiO2 63.941 ± 0.169 55.558 ± 0.187 96.258 ± 0.085
SO3 0.801 ± 0.061 0.000 ± 0.000 0.000 ± 0.003
K2O 1.312 ± 0.130 1.662 ± 0.033 0.301 ± 0.018
CaO 1.397 ± 0.153 1.270 ± 0.019 0.020 ± 0.001
TiO2 0.415 ± 0.029 1.853 ± 0.027 2.428 ± 0.049
MnO 0.020 ± 0.002 0.020 ± 0.001 0.008 ± 0.000
Fe2O3 7.784 ± 0.196 15.130 ± 0.235 0.263 ± 0.006
ZnO 0.019 ± 0.003 0.035 ± 0.007 0.005 ± 0.001
SrO 0.090 ± 0.013 0.061 ± 0.003 0.008 ± 0.000

Table 4  Total dissolved solids (TDS) (measured in terms of conduc-
tivity) of the filtrate from the filter cake of pure bentonite and blend 
of pure bentonite and activated clay

Filtration time (min) Filtrate conductivity (mS/cm)

Pure bentonite cake Pure bentonite and 
activated clay cake

Initial brine conductivity = 9.029
5 8.574 7.885
10 8.442 7.929
20 8.478 7.828
30 8.353 7.817
40 8.278 7.851
50 8.269 7.744
60 8.25 7.775
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 Ca2+. Sodium ions  (Na+) are the least rejected of all the ions 
despite been the ions with the highest concentration in the 
original brine solution.

The filter cake obtained by the addition of 5wt % acti-
vated clay to pure bentonite was observed to have a signifi-
cant effect on  Na+,  Mg2+, and  Ca2+. The transport property 
of  Na+ through the mixed-matrix was found to follow a more 
regular pattern than for the pure bentonite cake. A regular 
trend of behavior was seen from 10 min up to 60th minute. 
The rejection was observed to increase gradually with time 
within this period. There seems to be no significant effect 
on the transport property of  K+ by the addition of the acti-
vated clay. The rejection increased by a range of 57–72.5% 
compared to the rejection obtained for the pure bentonite. 
Conversely, the rejection of  Ca2+ was observed to drop due 
to the addition of the clay.

The addition of 5 wt% of activated clay increased the 
retention of  Na+ and  Mg2+ to 6.5 and 85.5%, respectively. 
Measurements were made for up to 60 min. The change in 
the rejection observed after 5 min was insignificant except 
for  Na+ in which the recorded value is 9.3% at 60 min. It 
can, therefore, be concluded that the capability of the cake to 
produce SmartWater could be sustained for a longer period.

The cation exchange is one of the basic properties of 
bentonite which can arise from negative charge creation 
caused by the isomorphous substitution in the octahedral 
and tetrahedral sheets of montmorillonite (the predominant 
clay mineral in bentonite). The negative charges are there-
fore balanced by exchangeable cations. The preference to 
replace cations present in clay minerals by external ions is 
dominated by some factors among which is the preference 
of larger inorganic cation to smaller inorganic cation. For 
smectite, the preference is as follows:

In this work, the obtained rejection results (for the pure 
bentonite filter cake) closely followed the above trend for 
certain ions  (Ca2+ > Mg2+ and  K+ > Na+). Moreover, the 
trend was reversed by the addition of the activated clay 
 (Mg2+ > Ca2+ and  K+> Na+). The reaction site that was 
created from the activation process seems to possess more 
affinity for the  Mg2+ than  Ca2+ ions. Details explanation 
of the mechanism of what is happening needs to be fur-
ther investigated. The effect of charged (sulfonated) poly-
mers on the diffusion of sodium chloride was reported 
by Geise et al. (2012). The property of the charged poly-
mers is comparable to that of bentonite. These polymers 
have fixed charges that contain an excess of counter-ions 
than needed to maintain electro-neutrality in the polymer. 
Therefore, such a cation exchange material would sorb in 

Cs+ > Rb+ > K+
> Na+ > Li+ and

Ba2+ > Sr2+ > Ca2+ > Mg2+

more cations than anions. Closely related principle was 
employed to investigate the effect of activated clay on the 
transport of solutes used in this work.

Another factor is the preference of bentonite for het-
erovalent cations over monovalent cations (Muurinen 
2011). Also, the binding coefficients on montmorillonite-
based bentonite for  Na+ and  K+ are 1 and 2 M−1 (Nir et al. 
1986), respectively, while that of  Mg2+ and  Ca2+ are 2 
and 4–40 M−1 (Rytwo et al. 1996), respectively. Taking 
these factors into consideration, the most preferred cation 
for cation exchange would be  Ca2+, while the least pre-
ferred for cation exchange would be  Na+. This is also evi-
dent in the percentage rejection with  Ca2+ being the most 
rejected (100%), while  Na+ was the least rejected (0.54%) 
in the first 5 min. This level of preferential rejection was 
consistently observed throughout the experiment. The 
binding coefficient of  K+ and  Mg2+ on montmorillonite 
is the same, indicating an almost equal preference for an 
exchange on bentonite and this is also observed in their 
close percentage rejection in this work.

The residue obtained following the activation of the 
clay was mainly silica. The incorporation of silica into 
the bentonite induces surface and structural modifica-
tion which enhances the cation rejection property of the 
modified material for sodium and magnesium ions with a 
1103.5% and 72.5% increase in rejection for  Na+ and  Mg2+ 
within the first 5 min, respectively.

It is proposed that the main mechanism behind the cat-
ion rejection is cation exchange in bentonite, while the lit-
tle contribution from other processes such as surface pre-
cipitation, adsorption, and dissolution may be involved as 
proposed by Bergaya and his group (Bergaya et al. 2006).

Conclusion and recommendations

The work therein presents a new approach for producing 
SmartWater via cake filtration for application in enhanced 
oil recovery. The filter cake exhibits preferential rejection 
capabilities in the sequence  Ca2+ > Mg2+ > K+ > Na2+ for 
the cake formed from pure bentonite, while the sequence 
is  Mg2+ > Ca2+ > K+ > Na2+ for the cake in which activated 
clay has been added. Thus, the presence of the activated 
clay serves to reverse the selectivity of the pure bentonite 
filter cake with respect to  Ca2+ and  Mg2+. The outcome 
of this work is expected to open a new frontier in tuning 
the chemistry of seawater for SmartWater production. It 
will also enhance our ability to engineer other potential 
cheap and locally available materials which can be tailored 
toward enhancing the chemistry of seawater for SmartWa-
ter application in water flooding.
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