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Total dissolved solids (TDS) consisting of inorganic salts and organic matter are pollutants to the aquatic
and water systems for human use. This paper studied the effect of ceramic adsorbent composition on
improving the quality of the produced water (PW) by decreasing TDS before entering reverse osmosis
(RO). Manufacturing ceramic adsorbents use a mixture of spent catalysts of residues catalytic cracking
(RCC) and natural clay in various compositions. Experiments were performed using the PW from one
oil and gas company in South Sumatra, Indonesia. The initial characterization of produced water contains
total dissolved solids of 14,556 mg/L. The flow rate of PW into the ceramic adsorbent column were varied
from 6 to 8 L/min at a contact time of 15 to 120 min. The results showed that ceramic adsorbent A (di-
ameter 10 mm and thickness 10 mm, 70% clay, and 30% RCC) reduced TDS by 74.58%. Adsorbent B (diam-
eter of 20 mm and thickness of 10 mm, 70% RCC and 30% clay) lowers TDS by 56.68% at a flow rate of 6 L/
min and a contact time of 60 min. Adsorbent C (diameter of 10 mm and thickness of 10 mm, 30% clay, and
70% RCC) reduced TDS by 59.40% at a flow rate of 6 L/min and a flow time of 60 min. Adsorbent D (diam-
eter of 20 mm, thickness of 10 mm, 30% clay, and 70% RCC) lowers TDS by 54.38% at a flow rate of 6 L/ min
and a contact time of 60 min. After being transferred into the adsorption column, their filtrates were sent
into the Reverse Osmosis (RO) membrane. The final permeates of RO have TDS values between 1,720 mg/
L to 3,930 mg/L that met water standards for oil and gas exploration wastewater in Indonesia.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (https://creativecommons.org/licenses/by-nc-nd/4.0) Selection and peer-review under responsi-
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1. Introduction

Total dissolved solids consist of inorganic salts such as chloride,
calcium, magnesium, sodium, bicarbonate, sulfates, chlorides, and
organic matter in water [1]. Therefore, waters containing high
TDS in mining activities will increase the value of TDS in surface
and soil waters [2], are harmful to human health and can be toxic
to aquatic life, such as fish, insects, and amphibians. For example,
TDS levels above 250 mg/L will affect salmon fish [3], and an
increase in TDS from 270 to 1170 mg/L can kill almost all fish eggs
[4].

The largest oil and gas fields managed by one of the oil compa-
nies in South Sumatra have 201 production wells and 73 injection
wells. Some oil and gas wells in Indonesia are old wells that require
more water to be pumped into the wells to produce oil. It is esti-
mated that the average water production in each well reaches
80% of the total liquid production [5 6]. The water produced from
oil wells is called produced water (PW). Produced water is a mix-
ture of the formation of water and salt water that negatively affects
health if discharged into the aquatic environment [7 8 9 10]. The
water produced from oil wells containing TDS, oil and grease
which is above the average maximum value set by South Sumatra
c-nd/4.0)
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Governor Regulation No. 8/2012 and regulation of the Minister of
Environment and Forestry of the Republic of Indonesia No.
5/2014. The average TDS content in oil wells around the world
and including South Sumatra region ranges from 100 mg/L to
400,000 mg/L, which is also influenced by the age of the oil well,
the location of the oil well, and geological variations between
basins and water resources [8 11]. Some methods are available to
reduce the TDS value in produced water, such as physical separa-
tion, reverse osmosis, distillation, precipitation, and electrocoagu-
lation developed to decrease the TDS value in water and
wastewater [12]. However, some of these methods require high
costs for their implementation. For instance, the distillation pro-
cess can produce water with low conductivity but requires high
energy in their operation. Biological absorption method is carried
out to avoid using chemicals, but the process is controlled by
microbes activities [13]. Therefore, it is necessary to take a reason-
able approach that can reduce the TDS value in produced water by
using combined the adsorbent and membrane desalination.

The most frequently used desalination method is Reverse
Osmosis (RO) membrane. The application of RO membranes in
the PW treatment to reduce the TDS value has increased in the last
decade. Reverse osmosis is a membrane separation technology for
removing compounds including TDS and heavy metals in both
water and wastewater. Decreasing TDS using RO membranes have
advantages such as not requiring chemicals, low energy, and pro-
ducing high-quality permeate water. However, RO is prone to foul-
ing due to the presence of dissolved solids and suspended solids in
the water and wastewater. The performance of RO is depending in
the types of membrane materials. Nowadays, ceramic and poly-
mers type membranes are available in the market. Ceramic mem-
branes have advantages because of their mechanical strength, good
thermal and chemical stability, and can be synthesized from vari-
ous metal oxides [14 15]. However, their high costs material man-
ufacturing, handling problem due to their brittleness, and difficulty
in scale up become the main problems for the industrialization of
ceramic membranes [16 17].

The catalytic cracking unit at the oil refinery in South Sumatra,
Indonesia produces the residue of catalytic cracking (RCC) catalyst
of approximately 15 tons per annum which is only stored and sent
to the hazardous solid disposal site [15]. The spent catalyst of cat-
alytic cracking residues contains silica and alumina which is the
material of ceramic filters manufactured [18]. Therefore, the RCC
is a potential material to be used as ceramic adsorbent for PW
treatment. Ceramic adsorbents have advantages in water filtration
because of their thermal and chemical stability [19]. In addition,
their large surface area will have an advantage in adsorption of
solid particle in water and wastewater. Natural clay is a colloidal
soil particle that is finely shaped, containing aluminum oxide
(Al2O3) and silicon dioxide (SiO2). Natural clay has advantages such
as being abundantly available, low price, high specific surface area,
high adsorption properties, and non-toxic [15]. The current inves-
tigation discusses the TDS removal by ceramic adsorbents from the
mixture of spent catalyst RCC and natural clay in various composi-
tion integrated with RO in the treatment of produced water. The
aims of the current work are to use an alternative method in the
treatment of PW using low-cost ceramic adsorbent and reduce
RO fouling potential in produced water treatment.
2. Materials and methods

The oil and gas industry in South Sumatra Province supplied the
produced water samples. The initial characterization of produced
water contains a total dissolved solids of 14,556 mg/L. This value
exceeds the maximum permissible limit according to the Ministry
of Environment and Forestry of Indonesia Regulation No. 5/2014,
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where the maximum allowable limit is 4000 mg/L for petroleum
and gas exploration liquid waste. Ceramic adsorbents were made
by a mixture of clay and spent catalyst of residue catalytic cracking
(RCC) unit at various composition. Clay cleaned from any impuri-
ties and dried at 100 �C in oven and grinded into powder with
100 mesh of particle size. The RCC with particle size of 100 mesh
was dried in the furnace at 700– 900� C for one hour to remove
hydrocarbon covered their surface. The mixture of clay and RCC
was homogenized with demineralized water to form a paste. The
paste mixture was molded to form a tablet of adsorbent with a
diameter of 10 mm and 20 mm, respectively. All the adsorbents
having thickness of 10 mm. The adsorbent mixture then dried in
the oven for ± 2 h at 100 0C. In the next step, adsorbent mixture
was calcinated in the furnace at 900 0C-1000 0C overnight. Ceramic
adsorbent was removed from the furnace and an inspection is car-
ried out if there are broken or cracked ceramic adsorbents to be
separated. The selected of good ceramic adsorbent sample was
subject to SEM-EDX and BET analysis.

The composition of ceramic adsorbents is determined as
follows:

� Adsorbent A: 70% clay and 30% RCC with an adsorbent diameter
of 10 mm

� Adsorbent B: 70% clay and 30% RCC with an adsorbent diameter
of 20 mm

� Adsorbent C: 30% clay and 70% RCC with an adsorbent diameter
of 10 mm

� Adsorbent D: 30% clay and 70% RCC with an adsorbent diameter
of 20 mm

Fig. 1. Illustrates the photograph of ceramic adsorbent.
Research variable studied in the experiment are contact times

(15, 30, 45, and 60 min) and flow rate of sample to adsorbent col-
umn (6, 7, and 8 L/min). The produced water is transferred using a
centrifugal pump to a series of propylene sediment filters with
pore sizes of 0.5, 0.3 lm, and 0.1 lm, respectively. The propylene
sediment filter was cylindrical tube with length 254 mm and diam-
eter of 65.5 mm. From the sediment filter column, produced water
flows into the adsorption column. The adsorbate of the adsorption
column is collected in a tank with a capacity of 500 L and pumped
into ROmembrane using a high-pressure pump. The ROmembrane
has length of 1016 mm and the diameter of 101 mmwas use as the
final treatment. RO permeate collected in the permeate tank and
retentate are sent to the concentrate tank. The permeates were
subject to TDS measurement using Thermo Scientific (EUTECH
TN-100, TDS meter).

The TDS removal is calculated using the following equation.
TDS Removal = (TDSin-TDSout/TDSin) X 100% (1).
Where: TDSin is the initial concentration of TDS (mg/L) and

TDSout is the final TDS concentration (mg/L).
The schematic of produced water treatment in this study is

shown in Fig. 2.
3. Results and discussion

3.1. SEM- EDX and BET from spent catalytic cracking residues

The SEM of RCC images and the EDX spectrum of the RCC are
shown in Fig. 3 and Fig. 4. The SEM provides a complete overview
of the structural morphology of RCC before activation and after
activation. The SEM images of RCC revealing the different size of
particles with irregular shape. The activated RCC shown the clearer
constituent elements of RCC. The RCC heating at 700–900 �C causes
the loss of hydrocarbon impurities covered their surface. Therefore,
reactivation of the RCC is needed to recover the surface areas and



Fig. 1. Dimensional shape of ceramic adsorbent (a) diameter 10 mm, thickness 10 mm (b) diameter 20 mm, thickness 10 mm.

Fig. 2. Schematic of produced water treatment using ceramic adsorbents integrated with reverse osmosis (RO) (1. Feed tank 2. Centrifugal pumps 3. Valve 4. Propylene
sediment filter 5. Adsorption column 6. Filtrate tank 7. RO Pump 8. RO membrane 9. Permeate tank).

Fig. 3. SEM of RCC image at a magnification of 500 � (a) before activation (b) after activation.
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pores [20] and increasing the ratio of silica and alumina in the RCC
as shown in Fig. 4.

Fig. 4 shows the EDX spectrum of RCC before activation and
after activation. The peak of EDX spectra shown that silicon and
alumina were the main elements of the RCC. It can be seen that
there is an increase in the ratio of silica/alumina before and after
activation. The silica/alumina ratio of RCC before activation was
1.26 and increased to 2.26 after activation. Increasing the silica
and alumina content in the RCC can increase surface area and pore
volume thus increases the adsorption capacity [21]. Ceramic adsor-
bent is composed of clay and RCC which is primarily contains silica
and alumina. The presence of silicon dioxide (SiO2) and aluminum
3

oxide (Al2O3) in natural clay can increase the adsorption rate [20].
Most of the clays can swell and increase the space between their
layers to accommodate the adsorbed water and ionic species.
Negatively charged alumina silicate in clay can adsorb water
including heavy metals between it layers [22 23].

Brunauer Emmett Teller’s (BET) analysis showed the RCC’s sur-
face area, pore size, and pore volume. The BET value of RCC is illus-
trated in Table 1. Based on BET Analysis, the surface area of the RCC
is 62.00 m2/g, and the pore size is 1.6 nm. Based on the pore size,
RCC is classified into micropores (diameter < 2 nm) [24–26]. The
surface area of adsorbent is associated with their adsorption
capacities.



Fig. 4. EDX of the spent catalyst RCC spectra (a) before activation (b) after
activation.

Table 1
BET of RCC spent catalysts.

Characterization Value

Specific surface area (m2/g)
Pore size (nm)
Pore Volume (cm3/g)

62.00
1.69
0.10

Table 2
BET of Ceramic Adsorbent A (composition of 70% clay and 30% RCC).

Characterization Value

Specific surface area (m2/g)
Pore size (nm)
Pore Volume (cm3/g)

14.67
2.93
0.03

Fig. 5. Effect of contact time and flow rate
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Table 2 illustrated the BET of ceramic adsorbent A. The compo-
sition of ceramic adsorbent (70% clay and 30% RCC) is predomi-
nantly by clay. The BET results are similar to the previous
research using the ceramic filter with composition of 37.5% acti-
vated RCC, 60% clay and 2.5% of Dioscorea hispida starch [15]. As
it can be seen, the surface area of ceramic adsorbent is lower than
RCC spent catalyst but the pores size is larger than RCC. It is sug-
gested that pore size of ceramic adsorbent is influence by the
amount of clay. The pore size of ceramic adsorbent can be catego-
rized as mesopores (pore diameter between 2 and 50 nm). As
expected, the adsorption capacity of ceramic adsorbent will
increase with increases the amount of clay in its composition.
3.2. Removal of TDS using ceramic adsorbent and integrated ceramic
adsorbent and RO

The adsorption process is a phenomenon of separation on the
surface due to the interaction between adsorbent and adsorbate.
Adsorption can be grouped into physical and chemical adsorption
depending on the surface properties of a material. A promising
adsorbent must have an excellent affinity to adsorb compounds
in the water and wastewater and low cost [25]. Physical adsorption
is a separation process controlled by a weak inter molecule force
between adsorbate and adsorbent. On the other hand, there is a
good electron displacement in chemical adsorption due to the
chemical bond between adsorbate and adsorbent surface [26].

Figs. 5 and 6 show the TDS removal of produced water using
ceramic adsorbents integrated with RO membranes. The produced
water sample is known to have a TDS value of 14,556 mg/L. Figs. 5
and 6 show that all types of adsorbents can decrease the TDS val-
ues in PW.

Fig. 5 show the best TDS removal is found by using ceramic
adsorbent A with a composition of 70% clay and 30% RCC with an
adsorbent diameter of 10 mm. It can be seen that TDS removal
by ceramic adsorbent A is 74.58 % at contact time 60 min, and
the flow rate 8 L/min. While ceramic adsorbent B reduce the TDS
to 56.68% at a flow rate of 6L /min and contact time 60 min. Adsor-
bent C reduces the TDS by 59.12% at a flow rate of 7 L /min and
60 min. Finally, adsorbent D decreased the TDS by 54.45% at a flow
rate of 7 L/ min and 60 min. As it can be seen, contact time and flow
rate have a strong correlation with removal of TDS. However, the
clay content in ceramic adsorbent has great influence on TDS
adsorption. The decrease in TDS of produced water using ceramic
adsorbents was influenced by pore distribution in adsorbents and
ceramic adsorbents physical properties such as surface area and
on TDS removal by ceramic adsorbent.



Fig. 6. Effect of contact time and flowrate on TDS removal by integrated of ceramic adsorbent and RO.

Table 3
Optimum removal of TDS by ceramic adsorbents and integrated ceramic adsorbent-
RO.

Ceramic adsorbent type removal (%)

Ceramic adsorbent Ceramic Adsorbent -
Reverse Osmosis

A
B
C
D

74.58
56.68
59.40
54.45

88.18
84.41
90.73
85.44
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pore size. In addition, TDS adsorption by the adsorbent surface
occurs due to the presence of hydrogen water bonds [27].

Fig. 6 shows TDS removal in PW for using integrated ceramic
adsorbent and RO. The low TDS adsorption is around 78.50% at
60 min of contact time and at a flow rate of 8 L/min by using cera-
mic adsorbent D and RO. In the current study the use of integrated
ceramic adsorbent and RO (ceramic adsorbent-RO) effectively
reduce the TDS from PW above 70%. The results showed that the
ceramic adsorbent C integrated with RO effectively increase the
TDS removal by 90.04% after 1 h contact time. The removal of
TDS of ceramic adsorbent A-RO, ceramic adsorbent D-RO, and cera-
Fig. 7. Effect of ceramic adsorbent and integrat
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mic adsorbent B–RO decreased TDS from PW by 88.18%, 85.44%,
and 84.41%, respectively. For comparison, the TDS removal by cera-
mic adsorbent and integrated ceramic adsorbent with RO is illus-
trated in Table 3.

Fig. 7 depict the TDS removal obtained for each type of ceramic
adsorbent and the integrated ceramic adsorbent and RO mem-
brane. It seen that TDS removal using ceramic adsorbent are ranges
from 45.1% to 74.6%, while the TDS removal using an integrated
ceramic adsorbent-RO membrane are between 73.0 % and 90.7%.
The results showed ceramic adsorbent C-RO, ceramic adsorbent
A-RO, ceramic adsorbent D-RO, and ceramic adsorbent B–RO
decreased the TDS values by 1350 mg/L, 1720 mg/L, 2120 mg/L,
and 2270 mg/L, respectively. The lowest TDS (1350 mg/L) content
was found by using ceramic adsorbent C. In term of TDS, RO per-
meate met the standard of wastewater exploration of oil and gas
because the TDS values are below 4000 mg/L.

4. Conclusions

The following conclusion can be derived from the study.

� Spent catalysts of catalytic cracking residues and natural clay
mixture can be used as ceramic adsorbents at certain composi-
tion effectively decrease the pollutants in produced water, espe-
cially the TDS value.
ed ceramic adsorbent-RO on TDS removal.
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� Optimum TDS removal is 74.58% obtained by ceramic adsorbent
A with 70% RCC, 30%‘clays, 10 mm adsorbent diameter at con-
tact time 45 min, and a flow rate of 8 L/min. Optimum TDS
removal by integrated ceramic adsorbent and RO is 90.73%
obtained by using adsorbent C with 70 % RCC, 30% clay, and
10 mm adsorbent diameter.

� The removal efficiency of TDS in PW is in descending order,
namely ceramic adsorbent A > ceramic adsorbent C > ceramic
adsorbent B > ceramic adsorbent D.

� The removal efficiency of TDS in PW using integrated ceramic
adsorbent and RO in descending order, namely ceramic adsor-
bent C > ceramic adsorbent A > ceramic adsorbent D > ceramic
adsorbent B.

� Permeates obtained from integrated ceramic adsorbents with
RO membrane meets oil and gas wastewater standards.
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