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Effect of geothermal water composition and pretreatment on the product 
water for boron-sensitive crops
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ABSTRACT

The membrane filtration is an effective way to produce water for human 
consumption, industrial use, or irrigation purpose. In this study, a brackish water 
reverse osmosis (BWRO) membrane was practically investigated to obtain 
irrigation water from geothermal water. The quality of the produced water was 
analyzed to understand the potential in agricultural use for boron-sensitive crops. 
The effects of the feed solution composition and pretreatment by microfiltration 
were studied. Results showed that the ionic content was effective in reduction of 
permeate flux. However, the rejections of salt and silica did not change significantly 
by the change in the feed water composition and they were successfully removed 
from the geothermal water by more than 95% rejection. Pretreatment of the 
geothermal water with a microfiltration (MF) membrane having a pore-size of 0.8 
µm provided higher flux than the one having a pore size of 5 µm. The higher 
rejections of boron were only achieved with increased pH in the pretreatment. 
The pH of 9.5 in the geothermal water provided a rejection of boron as 75% with 
a permeate boron concentration of 2.4 mg/L when 15 bar of operating pressure 
was employed. This level of boron concentration in the irrigation water was found 
to be allowable only for some boron resistant crops (e.g. beans, lettuce, onion) 
and semi-sensitive crops (e.g. sunflower, potato, tomato).
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1. Introduction

Increasing demand related to agricultural production 
is directly proportional to living standards and global 
growth of population. This demand has been increased 
significantly specifically towards horticultural crops for 
a healthy lifestyle. Thus, the importance of irrigation 
water is felt deeply for arid and semi-arid areas where 
the water shortage is becoming an issue [1].

Irrigation water is vital for sustainable agriculture and 
should have some specific quality, such as lack of col-
loids, low salt content, and also low content of some 
trace elements like boron that may have severe ad-
verse effects on horticultural productivity in the short 
and long term. This limits the direct use of natural wa-
ter resources for irrigation purposes. Therefore, pro-
duction of irrigation water or its treatment should be 
carefully performed to get rid of undesired contami-
nants.

In general, to obtain stream waters that can be directly 
used for irrigation is quite challenging in most of the 
areas in the world. Thus, brackish water becomes one 

of the most abundant supplies of irrigation water. Nev-
ertheless, its treatment for irrigation is comparatively 
new in agriculture. The utilization of geothermal water 
as brackish water has taken excessive attention re-
cently [2-6]. The mineral content of those resources 
may vary widely from 1 g/L up to 200 g/L, which lim-
its their direct use [7]. In the past, there have been 
several methodologies applied for the treatment and 
production of irrigation water from geothermal water. 
Most are task-specific techniques focusing on removal 
of particular species [5]. For instance, some include 
reverse osmosis (RO) and evaporation (for removal 
of dissolved solids [8]), oxidation and precipitation (for 
arsenic removal [9,10]), ion exchange (especially for 
boron removal/recovery [11-13]) and desilication by 
cooling ponds and soda ash (silica removal by soda 
ash or lime [14,15]). In addition, some integrated pro-
cesses have been developed combining both ion ex-
change and membrane filtration for removal of boron 
and arsenic [16,17]. Each method has its own ad-
vantage considering the specific objective they have. 
However, RO, widely-used membrane process, have 
recently gained lots of attention due to the recently 
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developed, cost-effective membranes and continu-
ous mode of operations in both single and hybrid pro-
cesses. Therefore, as an energy-efficient and easy to 
scale-up technology, the membrane processes such 
as RO are quite promising to provide product water 
with desired quality.

RO is the most widely studied membrane technology 
among all other alternatives [18,19]. Although up-to-
date RO membranes now can provide more than 99% 
of ionic rejection, retention of small and uncharged 
species is still a concern. At low pH values (lower than 
the dissociation constant of boron, pKa of 9.2), boron 
remains as very small uncharged species in aqueous 
media [20-24]. Thus, RO membranes perform less 
well and elevated pH is usually required in industrial 
desalination which is often limited by inorganic scaling 
(due to precipitation of calcium and magnesium com-
pounds) as well. Moreover, when it is realized that the 
maximum allowable limit of boron in irrigation water 
is as low as 1 mg/L, boron removal turns into a great 
challenge [25].

It is known that boron is a vital element for plant 
growth. The deficiency of boron in plants directly af-
fects the stem and root systems and reduces metabol-
ic activities. On the other hand, high boron concentra-
tions cause toxicity presenting some signs especially 
in leaves such as discoloring and distortion [4]. The 
tolerance of crops usually varies up to 4 mg/L in irriga-
tion water. Thus, available data on boron tolerances 
are recommended to be referenced when the use of 
irrigation water is the case for boron-sensitive crops. 
It is realized that most of the crops that have commer-
cial value and also the ones required for a healthy life-
style has some certain level of boron sensitivity. Very 
sensitive crops are citrus plants and some others like 
walnut, apple, and cherry, and can tolerate only up to 
1 mg/L of boron in irrigation water. On the other hand, 
some crops have high resistance towards boron con-
tent in irrigation water (up to 4 mg/L) such as beans, 
carrot, lettuce, and onion. Semi-sensitive crops which 
can tolerate 2 mg/L of boron concentration can be re-
ferred as sunflower, potato, tomato, wheat and corn.

One other issue on top of high boron content is the 
silica-containing water sources when it is considered 
for irrigation purposes. As silicon is very abundant ele-
ment in the earth's crust, natural water sources usu-
ally contain silicon up to 40 mg/L, even in some ter-
restrial regions its concentration can extent up to 100 
mg/L [26-30]. The concentration of silica (SiO2) and 
its removal trend should be carefully monitored in RO 
systems. Hence, its concentration certainly affects the 
removal performance of boron as well. A certain level 
of silica naturally found in water streams such as in 
geothermal water may cause deposits or metal com-
binations on membrane surface. This is later inducted 
into silica fouling which is very difficult to remove. The 

existence of divalent cations such as calcium and 
magnesium promotes the precipitation of silica [31]. 
Silica fouling on RO membranes then results in sig-
nificant flux decline reducing the water production ca-
pacity [32]. Therefore, not only the solution chemistry 
but also pretreatment or certain silica mitigation tech-
niques should be realized before RO implementation.

In this work, the potential of a geothermal water source 
to be utilized for irrigation of boron-sensitive crops 
has been investigated. As operation parameters, the 
impacts of feed solution composition and pretreat-
ment with microfiltration (MF) on the performance of 
a flat-sheet RO membrane were studied for removal 
efficiency of boron and silica by a commercial BWRO 
membrane.

2. Materials and Methods

2.1. Materials and Chemicals

2.1.1. BWRO membrane

The BWRO membrane commercialized by GE Os-
monics is selected in this work due to high level of salt 
rejection properties. It is a thin-film polyamide-based 
membrane and represents a standard type of BWRO 
membrane in the industry. Specifications of the BWRO 
membrane employed were shown in Table 1.

Table 1. Specifications of the BWRO membrane [33].

2.1.2. MF membranes

For pre-filtration of geothermal water, MF membranes 
with 5 and 0.8 µm of pore sizes (Millipore Durapore, 
USA) were used in lab-scale flask type (vacuum-as-
sisted) filtration unit. MF membranes do not have spe-
cific selectivity or affinity towards boron, silica and any 
other species naturally found in geothermal waters. 

Güler E. / BORON 6(3), 316 - 325, 2021

Parameter Specification 
Manufacturer GE Osmonics 
Material Thin Film Material 
Typical Operating Pressure 1.379 kPa 
Typical Operating Flux 15-35 LMH 
Maximum Operating Pressure 3.103 kPa 
Maximum Operating 
Temperature 

50°C 

Operating Range pH 4.0-11 
Maximum Pressure Drop 
Over an element 

83 kPa 

Chlorine Tolerance 1,000 + mg/L-hours 
Feed water NTU< 1, SDI< 5 
Salt rejection minimum 
(NaCl)1,2 

98.5% 

1Average salt rejection after 24 h operation 
2Testing conditions: 2,000 mg/L NaCl solution at 1.551 
kPa operating pressure, 25°C, pH 7.5 and 15% 
recovery. 
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Filtration is merely based on size exclusion. Specifica-
tions of MF membranes are shown in Table 2.

The membrane filtration was continued for 8 h. For 
each half an hour, flow rates, temperature, and total 
dissolved solids (TDS) were recorded, and samples 
were taken for the analyses of boron and silica at each 
one hour and two hours, respectively. In all tests, per-
meate and concentrate streams were re-circulated to 
the feed tank to maintain the feed content and volume 
constant to some extent.

2.3. Vacuum-Assisted MF System as Pretreatment

For pretreatment before the RO filtration of the geo-
thermal water, a vacuum-assisted MF system was em-
ployed. A pressure/vacuum pump (Pall Life Sciences, 
USA) was used together with a glass-filter funnel (300 
mL in capacity) where the geothermal water was fed. 
A flask with a capacity of 1 L was attached to a fun-
nel where the filtrate was collected. The attachment 
was done with an aluminum clamp. Active filtration 
area was 9.6 cm2 that can be provided by 47 mm-in-
diameter filter.

2.4. Analytical Measurements

A portable conductivity meter (Mettler Toledo, Switzer-
land) was used to measure TDS, conductivity, salinity, 
and temperature of water samples. A digital pH meter 
(WTW pH 315i/SET, Germany) was used for pH mea-
surements.

A spectrophotometer (JASCO V-530 UV/VIS, Japan) 
was used for spectrophotometric boron analysis by 
Azomethine-H method. Analyses of silica concentra-
tions were performed by Spectroquant Nova 60 (Ger-
many) test kit using a spectrophotometer.

2.5. Solute Rejection and Flux Calculations

2.5.1. Salt rejection

Solute rejection, i.e. salt rejection, is defined as the 
ratio of solute (i.e. salt referred to as TDS in this work) 
that remains in the concentrate stream over the solute 
content in feed:

2.1.3. Chemicals

Determination of boron content in samples is per-
formed by spectrophotometric Azomethine-H method. 
The chemicals used in this analytical method are Azo-
methine-H monosodium salt hydrate (C17H12NNaO8S2, 
Fluka), ascorbic acid (99%, Acros Organics), ethyl-
enediamine tetraacetic acid disodium salt dehydrate 
(EDTA, AnalaR, analytical grade), ammonium acetate 
(CH3COONH4, Merck) and acetic acid (CH3COOH, 
99-100%, Merck). Boric acid (H3BO3, 99.8 %, Merck) 
and ultrapure water (Milli-Q) were used to prepare the 
standard solutions.

2.2. Membrane Filtration Test System and Related 
Tests

A lab-scale flat sheet membrane test unit (SEPA CF II 
GE Osmonics) has been employed for the filtration of 
the geothermal water. It allows the pre-simulation of in-
dustrial-scale membrane units. This cross-flow system 
is comprised of a membrane filtration cell equipped 
with a hydraulic assembly, high-pressure pump, and a 
feed tank. The pressure is controlled by a needle valve 
on the concentrate line and is measured by a manom-
eter as a pressure indicator (PI). Figure 1 depicts the 
RO system employed.
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Figure 1. A representation diagram of the cross-flow flat-sheet 
membrane test system.

𝑆𝑆𝑆𝑆 =  (1 − 𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

) × 100  (1) 

 

In Eq. 2, SR is salt rejection in percent, Cp and Cf are 
solute concentrations (TDS) in permeate and feed 
side in mg/L, respectively. Boron and silica rejections 
are calculated in the same fashion using the concen-
trations that are analytically determined [34].

2.5.2. Permeate Flux

Permeate flux (J) is calculated to observe any possible 
changes in filtration capacity of membranes. It is de-
fined as volumetric flow per unit area [35]. Where Vp is 

Table 2. Specifications of MF membranes.

Parameter 5 µm 
pore size 

0.8 µm 
pore size 

Wettability Hydrophilic Hydrophilic 
Filter Diameter, mm 47 47 
Water Flow Rate, 
mL/min cm2 

190 190 

Maximum Operating 
Temperature, °C 

85 75 

 

Before the RO operation, the membrane was im-
mersed in the Milli-Q quality ultrapure water overnight. 
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Table 3. Characteristics of geothermal waters with different 
compositions.

the permeate volume, Am is the membrane area used 
for filtration and t is the filtration time.

2.6.2. Effect of MF pretreatment

To investigate the effect of pretreatment with MF, two 
different MF membranes were employed with 5 and 
0.8 μm of pore-sizes for coarse and fine filtrations, re-
spectively. After that, RO filtration with BWRO mem-
brane was performed at 15 bar using 800 mL/min of 
geothermal water as feed flow rate. For these set of 
experiments, the geothermal water named as Sample-
B, which has higher TDS than Sample-A, was used at 
its natural pH (8.5). Later, adjusted pH of 9.5 to real-
ize the pH effect on microfiltration pretreatment was 
investigated for Sample-B as well. Vacuum-assistant 
filtration set up was used to investigate the effect of 
MF pretreatment.

Güler E. / BORON 6(3), 316 - 325, 2021

𝐽𝐽 =  𝑉𝑉𝑝𝑝
𝐴𝐴𝑚𝑚 ∙ 𝑡𝑡   (2) 

 

3. Results and Discussion

3.1. Effect of feed water characteristics on RO per-
formance

Feed water specification is certainly a vital factor that 
affects the performance of the RO process. To investi-
gate this impact, two different geothermal waters with 
different characteristics were selected. Tables 3 and 
4 provide the brief data about these geothermal wa-
ter sources that were filtered with a simple filter paper 
prior to RO filtration. Flux of the product water (per-
meate), rejections of boron and silica are calculated 
using a flat-sheet brackish water RO membrane. The 
applied pressure was 15 bar.

Permeate flux values calculated by Eq. 2 were calcu-
lated for two natural geothermal water samples during 
8 h of the filtration test. Although pH of both samples 
was almost identical, their ionic compositions were dif-
ferent. 

The similar trend of permeate fluxes was observed 
for both types of feed waters although the levels were 
different (Figure 2). It was possible to obtain a higher 
flux when Sample-A was used as feed. Although the 
presence of divalent cations in Sample-A is higher and 

Table 4. Ion content (mg/L) of geothermal water samples.

Figure 2. Impact of feed water characteristics on permeate flux.

Parameters Sample-A Sample-B 
pH 8.60 8.50 
Conductivity (µS/cm) 1770 1854 
TDS (mg/L) 885 926 
Salinity (‰) 0.700 0.930 
Turbidity (NTU) 0.150 0.640 
Si (mg/L) 56.0-65.0 65.0-72.0 
B (mg/L) 10.3-11.0 10.2-10.9 

 

Parameters Sample-A Sample-B 
Na+ 366 364 
K+ 26.3 34.1 
Ca2+ 26.2 12.1 
Mg2+ 3.70 1.11 
Cl- 188 160 
SO42- 109 185 
F- 4.45 2.55 
HCO3- 622 635 

 

2.6. Parameters Affecting the Performance of RO 
Membrane

2.6.1. Effect of the composition of the geothermal 
water

Two different geothermal water samples, namely 
Sample-A and Sample-B, having different specifica-
tions were used as feed solution in the membrane fil-
tration tests (Table 3). Ion content of sample waters 
was given in Table 4. Only major species were pro-
vided in tables eliminating the other trace ions that 
are naturally present. Cations were determined by 
atomic absorption spectroscopy (AAS), and anions 
were determined by ion chromatography (IC) except 
bicarbonate ion measured by titrimetric method. Boron 
and silica were measured by Azomethine-H and colo-
rimetric methods, respectively. To protect the filtration 
system and membranes from the adverse fouling/scal-
ing effects of natural geothermal water, filtration with a 
rough filter paper was employed. Then, using BWRO 
membrane, cross-flow RO filtration was performed at 
15 bar providing an 800 mL/min of feed flow.
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Figure 4. TDS, boron and silica concentrations in the RO permeates 
of different feeds at the end of operation.

Figure 3. Impact of feed water characteristics on salt rejection.

elevation of membrane scaling might be expected to 
rise, it was not an issue that affects the permeate flux. 
There is another hypothesis that these divalent ions 
contribute to neutralization of the membrane charge 
density and allow the rapid deposition of macromol-
ecules which reduces the permeate flux through the 
membrane [36]. However, it was not the case either. 
The lower flux of Sample-B can only be attributed to 
the higher level of TDS (or high conductivity). Silica in 
Sample-B was also higher. Thus, total hardness (cal-
cium and magnesium) might promote the deposition of 
silica on the membrane surface [37]. Therefore, silica 
fouling has great potential to be the basis to obtain 
lower levels of permeate flux.

In Figure 3, influence of feed water characteristics on 
salt, boron, and silica rejections was shown. Satisfy-
ing rejection levels of more than 95% for both feed 
samples were obtained for salt and silica. Neverthe-
less, the rejections of boron were lower (around 50%). 
This was due to the relatively low pH of geothermal 
water samples at their natural state (Table 3). The acid 
dissociation constant of boric acid (pKa) is around 
9.2 and higher pH levels can contribute to the exis-
tence of charged boron species and thus their reten-
tions by membranes become easier. Boron at pH 8 in 
groundwater is mostly found in the form of boric acid 
(B(OH)3). It is a small, polar and uncharged molecule 
like water molecule. Elevation of pH above pKa pro-
moted the transformation of boric acid to its negatively 
charged form, so-called borate (B(OH)4

-). Since most 
RO membranes today rely on charge and size based 
retention mechanisms to remove undesired species, 
increasing pH levels can certainly provide borate re-
jections as high as 99% [21,23,38].

Although the rejection values had minor differences 
when using two different geothermal water samples, it 
was observed that permeate of Sample-B had higher 
TDS value than that of Sample-A (Figure 4). The per-
meate TDS at the end of the operation was found as 
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35.3 mg/L from the geothermal water having TDS of 
926 mg/L (Sample-B). For Sample-A, the permeate 
TDS was found as 30.9 mg/L from the geothermal wa-
ter containing TDS of 885 mg/L. This shows that high 
TDS in the feed increases the dissolved solute level in 
permeate.

Even though the boron rejection for Sample-A was 
slightly higher than that for Sample-B, this difference 
did not contribute to a significant difference in the bo-
ron levels of the permeate samples at the end of oper-
ation. Boron concentrations in permeates of Sample-A 
and Sample-B were similar as 5.2 and 5.5, respective-
ly (Figure 4).

Comparable retention behavior of silica like boron was 
observed when using Sample-A and Sample-B as 
feed waters. Nevertheless, silica was removed at high 
levels as more than 95% due to being less reliant on 
pH, unlike boron (Figure 3). Thus, the silica concentra-
tions in permeates of Sample-A and Sample-B were 
2.2 and 2.6 mg/L, respectively (Figure 4).

Using RO membrane with 15 bar of filtration pressure 
provided permeates containing more than 5 mg/L of 
boron, which is not proper when considered as irriga-
tion water for sensitive crops such as orange, lemon, 
apple, or grape. Standards for irrigation waters should 
be carefully checked when employing the RO perme-
ate for agricultural irrigation because the level of boron 
is recommended as low as 1 mg/L in the irrigation wa-
ter [25].

3.2. Effect of MF Pretreatment on RO Performance 
at Natural pH of Geothermal Water

MF is a physical pretreatment method of feed waters 
prior to the RO application. To investigate the effect 
of different filtration levels at natural pH of geothermal 
water, the feed geothermal water was filtered through 
coarse (5 μm pore size) and fine (0.8 μm pore size) 
MF membrane filters.
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Figure 5. Effect of pre-filtration on permeate flux obtained by RO 
membrane at natural pH 8.5.

Figure 6. Effect of pre-filtration on salt, boron and silica rejections by 
RO membrane at pH 8.5.

Figure 7. TDS, boron and silica concentrations of RO permeates 
at the end of RO operation using coarse-filtered and fine-filtered 
geothermal water samples at natural pH.

pH 8.5 is low for efficient removal of boron.

Higher rejection levels of salt and silica for fine-filtered 
geothermal water provided lower concentrations of 
TDS and silica in the RO permeate samples as ex-
pected. In contrast, boron concentration in the RO per-
meate was higher for fine-filtered feed due to its lower 
rejection as indicated previously (Figure 7).

When the geothermal water was filtered by 0.8 μm of 
MF filter, the RO membranes provided higher perme-
ate fluxes (Figure 5). An average of approximately 7 
LMH of a stabilized permeate flux was obtained during 
RO run after a fine pre-filtration whereas the respec-
tive value was 6 LMH when a coarse pre-filtration was 
employed. The MF membrane was able to remove 
fine solids, silt, and some other particles. However, 
coarse filtration can be effective for removal of only 
coarser solids and suspended solids. Thus, those un-
rejected substances may deposit on the surface of the 
RO membrane, and reduce its efficiency resulting in a 
lower permeate flux. It was observed that the flux de-
cline was not continuous during 480 min of operation. 
Yet there was a visible offset of flux levels between two 
RO tests due to coarse-and fine-filtered feeds prior to 
RO. It is also important to note that it took some time 
to level off the permeate flux for both feeds. This sta-
bilization time was longer (up to 200 min) when the 
coarse filtered feed was used for the RO system (Fig-
ure 4). This is a characteristic behavior for most mem-
branes, thus membranes were soaked in ultrapure 
water beforehand to reduce this time,

When salt, boron, and silica rejections were calculat-
ed, it was found that fine-filtered feeds provided higher 
retention of salt and silica by the RO membrane (Fig-
ure 6). This may be attributed to the high efficiency 
of RO membrane with reduced fouling materials us-
ing fine filtering with a smaller pore size (i.e. 0.8 μm). 
However, this behavior was reversed in the case of 
boron removal. Slightly lower boron removal was ob-
tained for fine-filtered feed. This may possibly be due 
to the colloidal matter remained after coarse filtration, 
which may promote adsorption of boron compounds 
or agglomerations resulting in easier removal by RO 
[39,40]. It was also realized that boron removals were 
significantly lower than salt and silica rejections at nat-
ural pH of geothermal water. This shows that natural 

Boron concentrations in the range of 5.1-5.5 mg/L are 
already much higher for irrigation of horticultural crops 
with high boron sensitivity (Figure 6). On the other 
hand, these boron levels may be acceptable for boron 
resistant crops although 4 mg/L is recommended as 
the uppermost concentration in irrigation water. This 
result recalls again the necessity of some process de-
sign towards the enhancement of removal efficiencies 
such as integration of RO with hybrid systems such as 
adsorption with membrane filtration or an effective pH 
adjustment. Effects of those parameters were previ-
ously shown [41, 42].
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3.3. Effect of MF Pretreatment on RO Performance 
at Adjusted pH 9.5

In certain cases, pH of the feed may be the issue in MF 
pretreatment before the RO operation. The pH of feed 
may vary or pH adjustment may be executed in some 
specific industrial RO systems. To better understand 
the effect of pH change before the MF pretreatment, 
NaOH solution was used to raise the pH of geother-
mal water (Sample-B) to 9.5. Then, the feed was fil-
tered through coarse and fine MF membrane filters as 
discussed previously. After MF, cross-flow membrane 
set-up installed with BWRO membranes was operated 
at the same conditions (pressure: 15 bar; feed flow 
rate: 800 mL/min).

Both coarse-and fine-filtered feeds provided similar 
level of permeate flux of about 6 LMH on average 
(Figure 8). However, flux stabilization behaviors were 
different: coarse-filtered feed provided fluctuating 
flux over 8 h whereas fine-filtered feed provided con-
ventional stabilization trend as previously described. 
Fluctuating random flux values during operation might 
be the indication of initial scaling or fouling because 
higher levels of pH promote the calcium and magne-
sium-based scaling. This will later become the reason 
for flux decline for the prolonged RO operations. Nev-
ertheless, averaged flux values were relatively lower 
when compared to the ones with natural pH reported 
in Figure 5.

Güler E. / BORON 6(3), 316 - 325, 2021

Figure 8. Impact of filtration on permeate flux at pH 9.5.

Figure 9. Effect of filtration on salt, boron and silica rejections at 
pH 9.5.

cally occur, i.e., 100 ppm hardness [43]. On the other 
hand, carbonate and hydroxide precipitations became 
pronounced at pH values of 9.3 and 10.5, respectively 
[44]. In this case, high pH in the feed waters might be 
an issue. Although the kinetics of carbonate precipi-
tation is assumed to be instantaneous, its deposition 
on membrane surface did not become severe to affect 
permeate flux within 8 hours as seen in Figure 8.

Increasing pH to 9.5 did not change the range of salt 
and silica rejections compared to natural pH of geo-
thermal water (Figure 9). Besides, coarse and fine fil-
trations provided very similar salt and silica rejections 
at pH 9.5. Scaling at elevated pH of 9.5 was not the 
issue affecting any change. However, boron rejections 
increased from 50% to more than 70% due to high 
pH dependency. Similar to the situation at natural pH, 
coarse-filtered feed delivered higher boron rejections 
compared to fine-filtration. This situation may be attrib-
uted to denser membrane surface due to particulate 
matter deposition that has potential for scaling, and 
boron-containing ionic compounds [45].

At pH 9.5, the RO membrane performed stable rejec-
tions throughout the study lasting for 8 h. Although 
salt and silica rejections were fairly in the same range, 
their concentrations in permeates obtained from both 
fine and coarse filtrated feeds were higher than the 
ones obtained at natural pH (Figure 10). Relatively 
high TDS in permeate was also a consequence of 
the NaOH added to the feed for pH adjustment. That 
means increasing pH slightly lowered membrane per-
formance towards TDS and silica removals. The MF 
pretreatment can only help as mitigation of scaling fac-
tors to some extent, especially at elevated pH of feed 
waters. It was also good to realize that coarse filtration 
provided slightly better silica rejections thus lower per-
meate silica concentrations in permeate. This may be 
due the fact that silica probably polymerizes easily at 
the existence of Mg2+ and Ca2+ ions, thus not primarily 
removed by coarse filtration but subsequently better 

It is also worth noticing that significant flux decline was 
not observed for both cases during 8 h of operation. 
This shows that the scaling issue was not yet criti-
cal, but longer operation periods may be required to 
observe the high pH effect on permeate flux. It was 
realized that hardness and alkalinity are two vital in-
dicators of scaling. As calcium represents most of the 
total hardness, its concentration has to be monitored 
in feed water. Calcium concentrations in the geother-
mal waters used in this work were low compared to the 
concentration level where scaling concentrations typi-
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removed by the RO membrane afterward [31].

On the other hand, increasing pH increased boron re-
movals resulting in lower boron concentrations in per-
meates (Figure 10). It was possible to obtain boron 
concentrations as low as 2.4 mg/L. When irrigation 
water standards are considered, this concentration 
is still high but resistant or even some semi-sensitive 
crops can tolerate this level of boron. Conversely, the 
RO process should be developed further to produce 
appropriate irrigation water for sensitive crops at this 
stage. Increasing pH higher than 9.5 or implementa-
tion of hybrid processes (e.g. adsorption-membrane 
filtration systems) could help to provide lower boron 
concentrations [41,46,47].

sitive and resistant crops only. Nevertheless, there is 
still room for the development of advanced RO pro-
cesses either with hybrid assembly containing adsorp-
tion systems or with optimized process conditions.
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ÖZET

Bu çalışmada özel bor bileşiklerinden olan kalsiyum floroboratın sentez 
parametreleri belirlenmiş ve pamuklu kumaştaki alev geciktirici özelliği incelenmiştir. 
Ayrıca kinetik çalışmalar yapılarak reaksiyon mertebesi ve aktivasyon enerjisi 
hesaplanmıştır. Kalsiyum floroborat, reaktant olarak kalsiyum oksit ve floroborik 
asit kullanılarak yaş yöntemle sentezlenmiştir. İncelenen parametreler; reaktant 
mol oranı (nCaO/nHBF4), sıcaklık ve reaksiyon süresidir. Karakterizasyon 
çalışmaları için FT-IR, XRD ve BF4

- iyon seçici elektrot kullanılmıştır. Termal 
davranışın karakterize edilmesinde termogravimetrik-diferansiyel termal analiz 
(TG-DTA) kullanılmıştır. Kalsiyum floroborat, 1:4 reaktant mol oranı, 90°C 
sıcaklık ve 100 dakika reaksiyon süresinde %97 verimle sentezlenmiştir. Ayrıca 
yapılan kinetik çalışmada reaksiyonun birinci mertebeden olduğu belirlenmiş ve 
reaksiyonun aktivasyon enerjisi 19,14 kJ/mol olarak bulunmuştur. Sentezlenen 
kalsiyum floroboratın alev geciktirici özelliğini tespit etmek için LOI testinden 
yararlanılmıştır. Testler sonucunda kalsiyum floroboratın çok iyi alev geciktirici 
özellik gösterdiği gözlemlenmiştir.

BORON 6(3), 326 - 331, 2021

ABSTRACT

In this study, the synthesis parameters of calcium fluoroborate, one of the special 
boron compounds, were determined and its flame retardant properties in cotton 
fabric were investigated. In addition, kinetic studies were carried out to calculate 
the reaction order and activation energy. Calcium fluoroborate was synthesized by 
wet method using calcium oxide and fluoroboric acid as reactants. The parameters 
examined were reactant mole ratio (nCaO/nHBF4), temperature and reaction 
time. FT-IR, XRD and BF4

- ion selective electrode were used for characterization 
studies. Thermogravimetric-differential thermal analysis (TG-DTA) was used to 
characterize the thermal behavior. Calcium fluoroborate was synthesized with 
97% yield when molar ratio of reactants, temperature and reaction time are set as 
1:4, 90°C and 100 minutes, respectively. In addition, kinetic experiments reveal 
that the reaction order obeys to first order kinetics and the activation energy was 
found as 19.14 kJ/mol. LOI tests were used to determine the flame retardant 
properties of synthesized calcium fluoroborate. Tests proved that the calcium 
fluoroborate has very good flame retardant properties.

Calcium fluoroborate synthesis, determination of kinetics and flame retardant 
properties
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1. Giriş (Introduction)

Dünyada ticari olarak üretilip değişik alanlarda kul-
lanılan ve nihai ürün olarak sınıflandırılabilen birçok 

özel bor bileşiği mevcuttur. Bu bileşiklerin her biri farklı 
amaçlar için değişik sektörlerde kullanılmaktadır. Bu 
ürünlerden kullanım alanı en yaygın olanları; potas-
yum borhidrür, sodyum borhidrür, boranlar, susuz bo-
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kullanılırlar [29]. Malzemelerin alev geciktiriciliğini ana-
liz eden test metodlarından bazıları LOI analizi, UL-94 
testi, termogravimetrik analiz, koni kalorimetre testidir 
[30].

Bu çalışmanın amacı, fonksiyonel ve yüksek katma 
değerli bor uç ürünlerinden biri olan kalsiyum florobo-
ratın üretim parametrelerinin belirlenmesi, kinetik ve 
alev geciktirici özelliklerinin incelenmesidir. Literatür-
de kalsiyum floroboratın sentez parametrelerinin be-
lirlendiği ve reaksiyon kinetiğinin çalışıldığı ve ayrıca 
kalsiyum floroboratın pamuklu kumaşta alev geciktirici 
etkisinin incelendiği bir çalışma bulunmamaktadır.

2. Malzemeler ve Yöntemler (Materials and Methods)

Yapılan çalışmada yaş metot yöntemi ile kalsiyum ok-
sit (%99 saflıkta Sigma-Aldrich) ve floroborik asit (%50 
saflıkta ACROS Organics) reaktant olarak kullanılarak 
kalsiyum floroborat sentezlenmiştir. Reaksiyon Eş. 
1’de verilmiştir.
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rik asit (bor oksit), metal borürler, disodyum oktaborat 
tetrahidrat, çinko borat, bor triklorür, bor karbür, ferro-
bor, bor fiberleri, metalik (elementel) bor ve bor nitrür 
olarak sıralanabilir [1]. Özel bor bileşiklerinden birisi 
olan floroboratlar, floroborik asidin tuzları olup ilk bilim-
sel çalışmalar Berzelius tarafından yapılmıştır [2]. Bu 
gruptaki bileşikler, alkali metal floroboratlar, amonyum 
floroborat ve geçiş element floroboratlarıdır [3]. Metal 
floroboratlar; floroborik asit ve metal tuzlarından veya 
borik asit ya da hidroflorik asidin metal tuzları ile reak-
siyonundan elde edilir [4]. Ayrıca floroboratlar; metal 
florür ve elementel borun katı faz reaksiyonu ile elde 
edilebilmektedirler [5,6].

Floroboratlar endüstrinin çeşitli alanlarında farklı kulla-
nım alanları bulmaktadırlar. Kalsiyum floroborat, nadir 
toprak elementleriyle birlikte camlarda kullanıldıkların-
da fiziksel parametreleri iyileştirirler ve devitrifikasyona 
karşı termal kararlılık sağlarlar [7-9]. Ayrıca lityum iyon 
pillerinde ve kalsiyum kaplamalarda elektrolit olarak 
kullanılmaktadırlar [10,11]. Metal floboratlardan biri 
olan çinko floroborat, çeşitli reaksiyonlarda katalizör 
olarak, tekstil endüstrisinde buruşmazlık apresi reçi-
nelerinde kür kimyasalı olarak kullanılmaktadır [12-
14]. Lityum floroborat, lityum sülfür pillerinde elektrolit 
olarak kullanılmaktadır. Lityum floroborat bazlı elekt-
rolit kullanan Li-iyon hücresi neme karşı daha az du-
yarlıdır ve yüksek sıcaklıkta elektrolitte çok daha iyi 
performans göstermektedir [15]. Potasyum florobo-
ratın elektrolizi ile yüksek saflıkta elementel bor elde 
edilebilmektedir [16]. Kalay floroborat, kaplamalarda 
kullanılmaktadır. Yüksek çözünürlüğü ve iyi elektrik 
iletkenliği sayesinde, yüksek akım yoğunluğu uygula-
nabilmektedir [17]. Floroborat banyoları, yüksek akım 
verimlilikleri olmasının yanında düşük gerilime sahip, 
katkı maddeleri gerektirmeyen ve safsızlıklara karşı 
çok az bir hassasiyet sağlayan katmanlar sağlamak-
tadırlar [18].

Diğer yandan floroboratlar malzemelerin alev direncini 
artırırlar. Floroboratlar; sentetik liflerde, polimerlerde 
[19] ve tekstil malzemelerinde [20-24] alev geciktirici 
olarak kullanılmaktadırlar. Alev geciktiricilerin kullanı-
mı gün geçtikçe artmaktadır dolayısıyla yeni alev ge-
ciktiriciler geliştirmek önemli bir araştırma konusu ha-
line gelmiştir. Alev geciktiriciler kimyasal veya fiziksel 
mekanizmalar yoluyla buhar fazında veya yoğun fazda 
hareket etmek suretiyle ısıtma, piroliz, ateşleme veya 
alev yayılması sırasında yanmaya müdahale eder. 
Borlu bileşikler, CO veya CO2 oluşumu yerine karbon 
ayrışma sürecini lehine yeniden yönlendirerek yoğun 
fazda hareket ederler. Borlu bileşikler, karbon oksidas-
yonunu önleyen koruyucu camsı koruma tabakasının 
oluşmasını sağlarlar ve yanan malzemenin üzerini ok-
sijenle temasını kesecek şekilde kaplayarak yanmayı 
bastırırlar [25]. Bor içeren alev geciktiriciler halojen 
içeren geleneksel alev geciktiricilere nazaran daha 
az toksiktirler [26]. Bor bileşikleri alev geciktirici ola-
rak kullanıldıklarında çevre dostu olarak kabul edilirler 
[27,28]. Ayrıca duman bastırmada, yanmayı önlemede 
ve çok işlevli alev geciktiricilerde boya pigmenti olarak 

Deneyler, floroborik asitin camlarda korozif etki gös-
termesinden dolayı teflon reaktörler içerisinde gerçek-
leştirilmiştir. Çalışılan parametreler; reaktant mol oranı 
(2:1, 3:1, 4:1, 5:1), sıcaklık (30°C, 50°C, 70°C, 90°C, 
100°C) ve reaksiyon süresidir. Deneylerde karıştırma 
hızı 400 rpm (rotation per minute) olarak sabit tutul-
muştur. Eş. 1’de verilen reaksiyon denklemine göre 
oluşabilecek maksimum kalsiyum floroborat miktarı 
hesaplanıp üretilen madde miktarından verime ge-
çilmiştir. Sentezlenen kalsiyum floroboratın karak-
terizasyon çalışmalarında FT-IR (Jasco FT-IR-480), 
XRD (Bruker D8 Advance) ve BF4

- iyon seçici elekt-
rot (Mettler Toledo DX287) kullanılmıştır. Numunenin 
termal davranışı, TG-DTA (NETZSCH5) cihazı ile ar-
gon atmosferinde 10°C/dakika hızla oda sıcaklığından 
800°C’ye kadar gözlemlenmiştir. Kinetik çalışmada re-
aksiyonun mertebesi belirlenmiş ve aktivasyon enerjisi 
hesaplanmıştır. Kalsiyum floroboratın alev geciktirici 
özelliğinin incelenmesinde limit oksijen indeksi testi 
(LOI) kullanılmış ve testler ASTM D2863 standardına 
göre yapılmıştır. Optimum koşullarda sentezlenen kal-
siyum floroborat farklı derişimlerde (%20 ve %50) ha-
zırlanarak pamuklu kumaşlara emdirilmiş ve kumaşlar 
oda sıcaklığında kurutulmuştur. Deneylerde kullanılan 
kumaşın özellikleri Tablo 1’de verilmiştir.

𝐶𝐶𝐶𝐶𝑂𝑂 + 2𝐻𝐻𝐻𝐻𝐹𝐹4  → 𝐶𝐶𝐶𝐶(𝐻𝐻𝐹𝐹4)2 + 𝐻𝐻2𝑂𝑂 (1) 

 

Tablo 1. LOI testinde kullanılan kumaşın özellikleri (Properties 
of the fabric used in the LOI test).

Lif Cinsi %100 Pamuk Ring İpliği 
Dokuma biçimi 2x2 
Alanın yoğunluğu 437 g/m2 
İp sıklığı Atkı yönünde 15 adet/cm 

Çözgü yönünde 23 adet/cm 
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3. Sonuçlar ve Tartışma (Results and Discussion)

Yapılan deneysel çalışmanın ilk aşamasında farklı 
parametrelerin reaksiyon verimi üzerine etkisi ince-
lenmiştir. Eş.1’de verilen reaksiyon denklemine göre 
reaktant mol oranının (nHBF4/nCaO) 2:1, 3:1, 4:1, 5:1 
olduğu durumlarda reaksiyon verim değerleri hesap-
lanmıştır. Sabit sıcaklık ve karıştırma hızında (50°C 
ve 400 rpm) 120 dakika boyunca gerçekleşen reaksi-
yonlarda elde edilen maddeler süzülüp kurutulmuştur. 
Reaktant mol oranının verim üzerine olan etkisi Şekil 
1’de verilmiştir. Şekil 1’de görüldüğü üzere kalsiyum 
floroboratın en uygun şartlarda %74 verimle ile 4:1 re-
aktant mol oranında elde edildiği gözlemlenmiştir. Re-
aktant mol oranı arttıkça seyreltme etkisinden kaynaklı 
verimin azaldığı belirlenmiştir.

Reaksiyonun mol oranı (nHBF4/nCaO=4:1) ve karış-
tırma hızı (400 rpm) sabit tutularak farklı sıcaklıklarda 
(30°C, 50°C, 70°C, 90°C, 100°C) deneylere devam 
edilmiş, sıcaklığın reaksiyon verimi üzerine etkisi be-
lirlenmiştir. Farklı sıcaklık değerlerinde elde edilen 
verim değerleri Şekil 2’de verilmiştir. Şekil 2’de görül-
düğü gibi, sıcaklık arttıkça reaksiyon veriminin arttığı 
gözlemlenmiştir. 90°C ve 100°C’de elde edilen verim 
değerlerinin yaklaşık aynı olduğu görülmüştür. Enerji 

Şekil 1. Reaktant mol oranının (nHBF4/nCaO) reaksiyon 
verimi üzerine etkisi (50°C ve 400 rpm) (Effect of reactant mole 
ratio (nHBF4/nCaO) on reaction efficiency (50°C ve 400 rpm)).

Şekil 4. Sentezlenen kalsiyum floroboratın FTIR spektrumu 
(FTIR spectrum of synthesized calcium fluoroborate).
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Şekil 2. Sıcaklığın reaksiyon verimi üzerine etkisi (nHBF4/
nCaO=4:1, 400 rpm) (Effect of temperature on reaction efficiency 
(nHBF4/nCaO=4:1, 400 rpm)).

maliyetleri göz önünde bulundurulduğunda reaksiyon 
için en uygun sıcaklık 90°C olarak belirlenmiştir. 4:1 
reaktant mol oranında ve 90°C’de kalsiyum floroborat 
%97 verim ile sentezlenmiştir. 

Çalışmanın bir sonraki basamağında reaksiyon süre-
sinin incelenmesi maksadı ile 4:1 reaktant mol oranı 
ve 90°C sabit sıcaklık şartlarında reaksiyon ortamın-
dan 1’er mL numune alınarak 100 mL’ye seyreltilmiştir. 
BF4

- iyon seçici elektrot kullanılarak BF4
- konsantrasyo-

nu iyon metrede okunmuştur. BF4
- konsantrasyonunun 

zamana bağlı değişimi Şekil 3’te verilmiştir. BF4
- kon-

santrasyonunun zamanla arttığı fakat 100. dakikadan 
sonra yaklaşık aynı değerde kaldığı gözlemlenmiştir. 
Dolayısı ile reaksiyon süresi 100 dakika olarak belir-
lenmiştir.

Şekil 3. Reaksiyon süresinin BF4
- konsantrasyonu üzerine 

etkisi (nHBF4/nCaO=4:1, 90°C) (Effect of reaction time on BF4
- 

concentration (nHBF4/nCaO=4:1, 90°C)).

Yaş yöntem ile en uygun koşullarda sentezlenen kal-
siyum floroboratın saflaştırma işlemi için kalsiyum 
floroboratın suda çözünürlüğünden yararlanılmıştır. 
Elde edilen ürün 40°C sıcaklıktaki suda çözülmüş, 
süzülmüş ve kurutulmuştur. Daha sonra sentezlenen 
kalsiyum floroborattan 0,03 g alınmış ve 0,47 g KBr 
ile karıştırılarak pellet oluşturulmuş ve FT-IR cihazında 
analiz edilmiştir. FT-IR spektrumunda B-F bağı karak-
teristik piki 1000-1100 cm-1 aralığında görülmektedir 
[31]. Sentezlenen numunenin FT-IR spektrumu Şekil 
4’te verilmiştir. Şekil 4’te verilen FT-IR spektrumunda 
literatür verisiyle örtüşecek şekilde 1000-1100 cm-1 
aralığında B-F bağı piki görülmektedir. 541 cm-1 dalga 



329

Şekil 5. Sentezlenen kalsiyum floroboratın XRD analiz 
grafiği (XRD analysis graph of synthesized calcium fluoroborate).

sayısında B-F geriliminden kaynaklanan titreşim mev-
cuttur. 3500-3600 cm-1 dalga sayısı aralığında ise O-H 
pikleri belirmiştir. 

Şekil 5’te sentezlenen kalsiyum floroboratın kris-
tal yapısını gösteren XRD analizi grafiği verilmiştir 
(ICSD/98-000-1839). 12,6°, 13,2° ve 19,1° değerlerin-
de gözlemlenen piklerin literatür verileriyle örtüştüğü 
görülmektedir [11]. Bu durum reaksiyonun başarılı bir 
şekilde gerçekleştiğini göstermektedir.

karşı 1/T Arrhenius grafiği Şekil 7’de verilmiştir. Bu 
doğrunun eğiminden -Ea/R elde edilmiş ve aktivasyon 
enerjisi (Ea) değeri bulunmuştur.
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Şekil 6. Sentezlenen kalsiyum floroboratın TG-DTA grafiği 
(TG-DTA graph of synthesized calcium fluoroborate).

Sentezlenen kalsiyum floroboratın TG-DTA grafiği Şe-
kil 6’da verilmiştir. İlk olarak yapıdan su buharlaşmış-
tır. 300°C’de bağların parçalanması ve gaz çıkışından 
dolayı yapıda %61 kütle kaybı olmuştur. Yüksek sı-
caklıklarda borlu yapı, camsı tabaka oluşturmaktadır. 
İnorganik bor bileşikleri yanma esnasında malzeme 
yüzeyinde camsı koruyucu tabaka oluşturarak, yanma 
için gerekli oksijen ve ısıya karşı koruma görevi yap-
maktadırlar [32].

Şekil 7. Kalsiyum floroborat Arrhenius grafiği (Arrhenius plot 
of calcium fluoroborate).

Yapılan kinetik çalışma sonucunda reaksiyonun akti-
vasyon enerjisi 19,14 kJ/mol olarak bulunmuştur. Bu 
sonuç elde edilen kalsiyum floroboratın üretim süre-
cinin enerji tüketimi bakımından ekonomik olduğunu 
göstermektedir. Ayrıca üretim aşamasında yüksek sı-
caklığa ihtiyaç yoktur. Zira düşük aktivasyon enerjisine 
sahip süreçler sıcaklığa çok duyarlı değildir. Kinetik 
çalışma ve diğer sonuçlar birlikte değerlendirildiğinde 
reaksiyonun teknolojik olarak uygulanabilir olduğu an-
laşılmaktadır.

Kalsiyum floroboratın alev geciktirici özelliğini incele-
mek için sentezlenen kalsiyum floroborat kristallerinin 
farklı derişimlerde (%20 ve %50) çözeltileri hazırlan-
mış ve %100 pamuklu kumaşlara emdirilmiştir. Ardın-
dan katkısız kumaşın ve kalsiyum floroborat çözeltisi 
emdirilmiş kumaşların LOI değerleri belirlenmiştir. Bir 
malzemeyi alev geciktirici olarak nitelendirilebilmek 
için, limit oksijen indeks değerinin %28’in üzerinde ol-
ması gerektiği belirtilmiştir [33]. Limit oksijen indeksi, 
malzemenin havada yanmaya devam etmesi için ge-
rekli olan % oksijen miktarı olarak tanımlanabilmekte-
dir. LOI değeri yüksek olan malzeme standart atmos-
fer şartları altında daha zor yanma karakteristiğine 
sahiptir. 

ASTM D 2863 standardına göre yapılan testlerde faz-
la güçlü olmayan sabit miktardaki alev, malzemenin 
uç kısmına gerekirse üst yüzeyini kaplayacak şekil-
de sürekli hareket ettirilmek sureti ile 30 saniye kadar 
uygulanmış ve her 5 saniyede bir uzaklaştırılarak nu-
munenin kendiliğinden yanmaya devam edip etmeye-
ceği gözlemlenmiştir. LOI testi sonucunda elde edilen 
sonuçlar Tablo 2’de verilmiştir. Tablo 2’de görüldüğü 
üzere katkısız pamuklu kumaşının LOI değeri 16 iken, 
%20’lik kalsiyum floroborat çözeltisi emdirilen kumaşın 
LOI değeri 23, %50’lik kalsiyum floroborat çözeltisi em-
dirilen kumaşın LOI değeri ise 32’dir. Literatürde %50 
derişimdeki amonyum floroborat çözeltisinin katkısız 
kumaşın LOI değerini %22 arttırdığı görülmüştür [24]. 
%20 derişimdeki bakır floroborat çözeltisinin katkısız 

Yapılan kinetik çalışmada reaksiyonun mertebesini 
belirlemek için her bir sıcaklıkta ln(CA/CA0)’a karşı T 
grafiği çizilmiş ve reaksiyon mertebesinin birinci dere-
ceden olduğu bulunmuştur. ln(CA/CA0)’a karşı T grafik-
lerinin eğimlerinden k değerleri bulunmuştur. Aktivas-
yon enerjisinin belirlenmesinde beş farklı sıcaklık için 
lnk’ ya karşı 1/T değerleri grafiğe geçirilerek doğrusal 
bir çizgi elde edilmiştir. Kalsiyum floroboratın lnk’ya 
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Tablo 2. Farklı derişimlerde kalsiyum floroborat çözeltisi emdirilen kumaşların LOI değerleri (LOI values of fabrics impregnated 
with calcium fluoroborate solution at different concentrations).
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kumaşın LOI değerini %75 arttırdığı, %30 derişimde-
ki kobalt floroborat çözeltisinin ise katkısız kumaşın 
LOI değerini iki katından fazla arttırdığı görülmüştür 
[34,35]. Kalsiyum floroboratın pamuklu kumaşın LOI 
değerini yani alevin devam edebilmesi için gerekli olan 
oksijen miktarını iki katı kadar yükselttiği ve kumaşa 
alev geciktirici özellik kazandırdığı görülmüştür.

4. Sonuçlar (Conclusions)

Yapılan çalışmada kalsiyum oksit ile floroborik asit re-
aktant olarak kullanılarak kalsiyum floroborat yaş yön-
tem ile sentezlenmiştir. Reaktant mol oranı, sıcaklık ve 
reaksiyon süresinin verim üzerine etkisi incelenmiştir. 
4:1 reaktant mol oranı, 90°C sıcaklık ve 100 dakika 
reaksiyon süresinde %97 verimle kalsiyum floroborat 
sentezlenmiştir. Kinetik çalışmada reaksiyon derece-
sinin birinci dereceden kinetiğe sahip olduğu belirlen-
miş ve aktivasyon enerjisinin (Ea) 19,14 kJ/mol olarak 
hesaplanmıştır. Bu sonuçlar reaksiyonun ekonomik 
olduğunu göstermektedir. Teknolojik açıdan uygulana-
bilirliği ve fizibilitesi yüksektir. LOI testi maddelerin alev 
geciktirici karakteristiğini ortaya koyan önemli testler-
den biridir. Kalsiyum floroborat emdirilmiş kumaşlara 
LOI testi uygulanmış, alev geciktirici özellikleri ince-
lenmiştir. Katkısız kumaşın LOI değeri 16 bulunurken; 
%20 ve %50 kalsiyum floroborat içeren çözeltiler em-
dirilip kurutulmuş kumaşların LOI değerleri sırasıyla 23 
ve 32 olarak bulunmuştur. LOI testi sonuçları kalsiyum 
floroboratın alev geciktirici özelliğe sahip olduğunu 
göstermektedir. Yüksek katma değerli özel bor ürünle-
rinden olan kalsiyum floroboratın tekstil kumaşlarında 
alev geciktirici olarak kullanımının yaygınlaştırılması 
önerilmektedir.
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ÖZET

Bu çalışmada Ç 1010, Ç 304 ve Ç 316 çeliklerin korozyonuna boraksın (Na2B4O7) etkisi 
araştırılmıştır. Bu amaçla farklı derişimlerde (0,0125 M, 0,025 M, 0,050 M ve 0,100 M) 
borakslı çözeltiler hazırlanmıştır. Çeliklerin bu ortamdaki elektrokimyasal davranışını 
belirlemek için Dönüşümlü Voltametri (CV) tekniği, korozyon hızlarını ölçmek için ise 
Tafel Polarizasyon Yöntemi uygulanmıştır. Deneyler sonucunda boraks derişiminin 
artması ile her üç çelikte korozyon hızının azaldığı ve korozyon potansiyelinin 
arttığı tespit edilmiştir. En yüksek boraks derişiminde en düşük korozyon hızı Ç 316 
çeliğinde belirlenmiştir. Ç 1010, Ç 304 ve Ç 316 çeliklerin 0,100 M boraks derişiminde 
korozyon hızları sırasıyla; 0,251, 0,132 ve 0,071 mm/yıl olarak ölçülmüştür. Boraks 
anodik inhibitör davranışı göstererek çelikleri korozyondan korumuştur. Çeliklerin 
borakslı çözeltilerde güvenle kullanılabileceği sonucuna varılmıştır.
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ABSTRACT

In this study, the effect of borax (Na2B4O7) on the corrosion of Ç 1010, Ç 304 and 
Ç 316 steels was investigated. For this purpose, solutions with borax at different 
concentrations (0.0125 M, 0.025 M, 0.050 M and 0.100 M) were prepared. Cycling 
Voltammetry (CV) technique was used to determine the electrochemical behavior 
of steels in this environment, and Tafel Polarization Method was used to measure 
corrosion rates. As a result of the experiments, it was determined that the corrosion 
rate decreased and the corrosion potential increased in all three steels with increasing 
borax concentrations. Lowest corrosion rate at higest borax concentration was 
obtained from Ç 316. Corrosion rates of Ç 1010, Ç 304 and Ç 316 steels at 0,100 M 
borax concentration have been measured respectively as 0.251, 0.132 and 0.071 mm/
year. Borax protected steels from corrosion by showing anodic inhibitory behaviour. It 
is concluded that the steels can be used safely in borax solutions.
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1. Giriş (Introduction)

Korozyon, gelişmiş ve gelişmekte olan ülkelerde bü-
yük ekonomik ve güvenlik zararlarına neden olan ev-
rensel bir sorundur. Korozyon, ekonomik ve güvenlik 
kayıplarının yanı sıra, zehirli kimyasalların ve solvent-
lerin paslanmış metal ekipmanlardan sızması nede-
niyle çevre sorunlarına da neden olur [1,2]. Çelikler, 
yüksek mekanik güç ve maliyet etkinliği nedeniyle en 
yaygın olarak inşaat ve yapı malzemeleri olarak kulla-
nılmaktadır. Demir alaşımları, petrol ve gaz endüstri-
lerinde depolama tankı, işleme ekipmanları ve nakliye 

boru hatları olarak yaygın bir şekilde kullanılmaktadır. 
Malzeme kayıplarını azaltmak için korozyona karşı bir-
çok yöntem uygulanmakla birlikte, organik bileşiklerin 
kullanımı, etkili ve kolay sentezleri, yüksek inhibisyon 
etkinliği ve maliyet etkinliği nedeniyle en yaygın ve en 
sık olanıdır. Genel olarak organik bileşikler, metal ve 
çevre (elektrolit) ara yüzünde koruyucu bir film oluş-
turarak korozyonu etkili bir şekilde inhibe ederler [3].

Ülkemizde bol miktarda bulunan bor, ekonomik olması 
ve stratejik olması nedeniyle birçok endüstride kulla-
nım alanı bulmuştur. Bor, tepkimelerde katalizör [4], 
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nükleer teknolojide, yakıt olarak roket motorlarında, 
ısıya dayanıklı polimerlerde, kimyasal termokimyasal 
depolamada [5], cam, ilaç, boyar madde, kozmetik, 
alev geciktiricilerde, gıda koruyucularda, hafif anti-
septiklerde, seramik ve refrakter gibi ısıya dayanımlı 
malzeme üretiminde, yüksek kalitede çelik, sabun, de-
terjan, antifriz, dezenfektan ve gübre üretimlerinde kul-
lanılmaktadır [6,7]. Son zamanlarda yapılan bir araştır-
mada çelik yüzeyinde oluşturulan Ni-B kaplamaların, 
herhangi bir yağlayıcı takviye elemanı kullanılmadan 
aşınma ortamına dayanıklı olduğunu göstermiştir [8]. 
Korozyona karşı inhibitör olarak kullanımı ile ilgili çok 
sınırlı sayıda çalışma yapılmıştır [9,10].

Metalleri korozyondan korumak için; metal kaplama, 
ortamı değiştirme, katodik koruma, anodik koruma, 
metali değiştirme vb. birçok yöntem kullanılmaktadır. 
Günümüz endüstrisinde çeliklerin çok yaygın kullanı-
mı vardır. Ancak korozif ortamlarda özellikle asidik ve 
klorürlü ortamlarda korozyona uğrarlar[11]. Çeliklerin 
korozyonunu önlemek için çözeltilere katılan nitritler, 
kromatlar ve fosfatlar gibi anodik inhibitörler çevreye 
olan toksik etkisi nedeniyle birçok ülkede kullanımları 
kısıtlanmış veya yasaklanmıştır [12-14]. Bu nedenle 
son zamanlarda daha çevreci metal tuzlarının inhibi-
tör olarak kullanımı için birçok çalışma yapılmaktadır 
[15-17]. İnhibitörler, metal yüzeyinde adsorplanır veya 
metalleri (çelik, alüminyum, titanyum) pasifleştirerek 
ya da çözelti ortamındaki hidrojenin indirgenmesini 
önleyerek korozyonu önlerler [18,19]. Korozyonun ön-
lenmesinde inhibitörün molekül yapısı kadar çözeltinin 
bileşimi ve metal yüzeyi de oldukça önemlidir [20,21].

Bor bileşiklerin üretim sürecinde büyük oranda düşük 
karbonlu çelikler kullanılmaktadır. Ayrıca evlerde ve 
sanayide kullanılan temizlik maddelerin bileşiminde 
boraks yer almaktadır. Özellikle de çamaşır ve bulaşık 
makinalarında kullanılan deterjan bileşiminde bulunan 
boraksın makine aksamının korozyonuna ne kadar etki 
yaptığı konusunda daha önce bir çalışma yapılmadığı 
bilinmemektedir. Bu çalışma, bu amaca yönelik olarak 
boraksın, bor bileşiklerinin üretimi sürecinde kullanılan 
düşük karbonlu çelikten imal edilen ekipmanlara ve 
üretim sonrasında boraks ve boraks içeren kimyasal-
ların kullanıldığı çelik malzemelere olan inhibitör etki-
sini tespit etmek için yapılmıştır.

2. Malzemeler ve Yöntemler (Materials and Met-
hods)

Deneylerde, 250 ml’lik üç boyunlu korozyon hücresi 
kullanılmıştır. Çözeltiler deiyonize su içinde boraks 
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Tablo 1. Çelik malzemelerin kimyasal bileşimleri (Chemical compositions of steel materials).

çözülerek hazırlanmıştır. Kimyasal bileşimi Tablo 1’de 
verilen çalışma elektrotları, çelikler polyester reçineye 
gömülmüş ve 1 cm2’lik yüzey alanı çözeltiyle temas 
edecek şekilde açıkta bırakılacak şekilde hazırlanmış-
tır. Her deneyden önce çalışma elektrotunun yüzeyi 
su altında 4000 meshlik zımpara kâğıdı ile parlatıldık-
tan sonra saf su ile yıkanmıştır. Yağ ve kirlerden arın-
dırmak için de etanolden geçirilmiştir. Karşı elektrot 
olarak 1 cm2’lik yüzey alanına sahip platin levha kul-
lanılmıştır. Potansiyel ölçümleri için referans elektrot 
olarak da doygun kalomel elektrot (DKE) kullanılmış-
tır. Ölçülen potansiyeller bu elektroda göre verilmiştir. 
Tafel polarizasyon ölçümleri, bilgisayar kontrollü İvium 
Technologies De Regent 178 5611 HW Eindhoven mo-
del Potansiyostat/Galvanostat cihazı ile elde edilmiştir.

Çeliklerin elektrokimyasal davranışını belirlemek ama-
cıyla elde edilen dönüşümlü voltamogramlar, en derişik 
ortam olan 0,100 M borakslı çözeltilerde elde edilmiş-
tir. Dönüşümlü Voltametri tekniği, -1,50 V ile +1,00 V 
aralığında 0,2 V tarama hızı ile uygulanmıştır. Koroz-
yon hızının belirlenmesi için Tafel Polarizasyon yönte-
mi uygulanmıştır [22]. Bu amaçla; 0,0125 M, 0,025 M, 
0,050 M ve 0,100M boraks içeren çözeltilerde, -2,00 V 
ile 0,20 V potansiyel aralığında 0,002 V/s tarama hızı 
ile çeliklerin polarizasyon eğrileri elde edilmiştir.

3. Sonuçlar ve Tartışma (Results and Discussion)

Çeliklerin elektrokimyasal davranışlarının belirlenmesi 
amacıyla boraks derişiminin en fazla olduğu 0,100 M 
da Dönüşümlü Voltamogramları alındı. Şekil 1 de Ç 
1010 çeliğin bu ortamdaki eğrisi görülmektedir. Ç 1010 
çeliğinin ileri yöndeki anodik taramasında ileri yönde-
ki taramada -1,0 civarında anodik akımın başladığı ve 

Şekil 1. Ç 1010 çeliğin 0,100 M boraks içeren çözeltideki 
dönüşümlü voltamogram (Cyclic voltammogram of Ç 1010 steel 
in solution containing 0.100 M borax).

 C Mn Si P S Cr Ni Mo Cu 
Ç 1010 0,07 0,55 0,01 <0,01 <0,01 <0,01 0,11 0,01 0,09 
Ç 304 0,07 1,91 0,77 0,047 0,03 18,25 8,20 0,08 0,25 
Ç 316 0,05 1,22 0,45 0,40 0,02 16,10 10,09 2,01 0,42 
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1,0 V a kadar pasifliğini koruduğu görülmektedir. Ano-
dik akımın en fazla yaklaşık olarak 0,0 V da 1,5 mA ol-
duğu anlaşılmaktadır. Geri yöndeki katodik taramada 
ise korozyon akımının azaldığı ve çukurcuk korozyo-
nunun oluşmadığı anlaşılmaktadır [23].

Şekil 2 ve Şekil 3’de Ç 304 ve Ç 316 çeliklerin, -0,5 V 
ve 0,8 V’da iki pasifleşme pikinin oluştuğu görülmekte-
dir. Ancak Şekil 1’de verilen Ç 1010 çeliğinde bu pikler 
belirgin değildir. Birinci pik oluşumunda Fe → Fe2+ + 2 
e- reaksiyonu ile Fe, Fe2+ iyonlarına, ikinci pik oluşu-
munda Fe → Fe3+ + 3 e- reaksiyonu ile Fe, Fe3+ iyon-
larına ayrışmaktadır. Pasifleşmeye ise alaşım içindeki 
krom ve nikelin etkisi olduğu bilinmektedir [24]. Ç 1010 
çeliğinde En yüksek anodik akım 1,5 mA olarak oluşur-
ken, Ç 304 çeliğinde yaklaşık 1,0 mA olarak oluşmuş-
tur. Ç 316 çeliğinde ise en yüksek potansiyelde (1,0 
V) dahi akım 0,6 mA olarak okunmaktadır (Şekil 3). 
Üç çelik için geri yöndeki akım, ileri yöndeki taramada 
elde edilen akımdan küçük olduğundan, çukurcuk ko-
rozyonunun oluşmadığı anlaşılmaktadır.

boraks derişimin artması ile artış göstermiştir. Bu du-
rum ölçülen korozyon hızının derişim artışıyla düşmesi 
sonucunu desteklemektedir. Korozyon hızı, Tafel pola-
rizasyon metodu ile elde edilen eğrilerden anodik ve 
katodik eğrilerin eğim çizgilerin kesişmesi ile elde edi-
len akım yoğunluğunun bulunması ile belirlenmektedir 
[25]. Cihaza yüklü proğram, çeliklerin yoğunluğu ve 
eşdeğer gram ağırlığının programa girilmesi ile belirle-
nen bu akım yoğunluğunu Faraday yasalarını kullana-
rak mm/yıl olarak hesaplayarak vermektedir.

Boraks derişiminin etkisini belirlemek amacıyla dört 
farklı boraks derişimde (0,0125 M, 0,025 M, 0,050 M 
ve 0,100 M) Ç 1010 çeliğinin korozyon hızı ölçüldü. 
Elde edilen Tafel polarizasyon eğriler Şekil 4’de ça-
kıştırılmış haliyle verilmiştir. Bu eğrilerden elde edilen 
korozyon parametreleri Tablo 2'de özet olarak veril-
miştir. Boraks derişiminin artmasıyla, korozyon potan-
siyeli daha pozitif değerlere kayarken, korozyon hızı 
düşmüştür. Korozyon hızı artan boraks derişimi ile 
sırasıyla 0,293, 0,278, 0,263 ve 0,251 mm/yıl olarak 
azalmıştır. Bu durum boraksın anodik bir inhibitör gibi 
davrandığını göstermektedir. Literatürde anodik inhibi-
tör metal yüzeyinde bir film tabakası oluşturup pasifli-
ği sağlayarak anodik reaksiyonu engelleyen kimyasal 
madde olarak tanımlanmaktadır. İnhibitör derişiminin 
artması ile korozyon hızında azalma ile birlikte koroz-
yon potansiyelindeki pozitif artış anodik inhibitöre kanıt 
olarak gösterilmektedir [26,27].
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Şekil 2. Ç 304 çeliğin 0,100 M boraks içeren çözeltideki 
dönüşümlü voltamogram (Cyclic voltammogram of Ç 304 steel in 
solution containing 0.100 M borax).

Şekil 3. Ç 316 çeliğin 0,100 M boraks içeren çözeltideki 
dönüşümlü voltamogram (Cyclic voltammogram of Ç 316 steel 
in solution containing 0.100 M borax).

Şekil 4. Ç 1010 Çeliğin farklı boraks derişimi içeren çözeltil-
erde elde edilen Tafel Polarizasyon Eğrileri (Tafel Polarization 
Curves of Ç 1010 Steel in solutions with different borax concentra-
tions).

Şekil 5'de Ç 304 çeliğin farklı boraks derişimlerde elde 
edilen Tafel Polarizasyon eğrilerinin çakıştırılmış hali 
görülmektedir. Ç 304 çeliğinde anodik ve katodik dallar 
Ç 1010 çeliğine benzemekle beraber, korozyon akımı 
daha düşük ölçülmüştür. Korozyon hızı boraks derişi-
mi ile azalma göstermiştir. Korozyon hızı artan deri-
şimle sırasıyla, 0,162, 0,145, 0,138 ve 0,132 mm/yıl 
olarak ölçülmüştür.

Şekil 6'da Ç 316 çeliğin dört farklı derişimdeki boraks 
çözeltisinde elde edilen çakıştırılmış Tafel polarizas-

Çeliklerin yükseltgenmesine karşı gösterilen direnci 
ifade eden polarizasyon direnci (Rp) her üç çelik için, 
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bileşiminde bulunan krom ve nikel alaşım elementin-
den kaynaklanmıştır. Ç 316 çeliğin Ç 304 çeliğinden 
daha dayanıklı olması ise Ç 316 bileşiminde bulunan 

yon eğrileri verilmektedir. Tüm çeliklerde, Tafel polari-
zasyon yöntemi ile elde edilen βa, βc den oldukça yük-
sek çıkmıştır. Bu durum boraksın çeliği anodik olarak 
koruduğunun bir başka göstergesi olarak değerlendi-
rilmektedir [18]. Korozyon hızında da önemli oranda 
azalma görülmektedir. Korozyon hızı 0,0125, 0,025, 
0,050 ve 0,100 M boraks derişimin artışı ile sırasıyla; 
0,090, 0,082, 0,079 ve 0,071 olarak ölçülmüştür. Ko-
rozyon potansiyelinde, 0,1 M boraks çözeltinde -0,803 
V değerine kadar anodik yönde artış olmuştur.

Şekil 7'de çalışılan en derişik ortam olan 0,100 M bo-
raks çözeltisinde elde edilen, çeliklerin çakışık Tafel 
polarizasyon eğrileri verilmiştir. Çeliklerin genel olarak 
boraks çözeltilerinde oldukça korunaklı olduğu anla-
şılmaktadır. Boraks çözeltilerinde korozyona karşı en 
iyi dayanım Ç 316 çeliğinde, daha sonra Ç 304 ve Ç 
1010 da tespit edilmiştir. 0,100 M boraks çözeltisin-
deki korozyon hızları sırasıyla; 0,251, 0,132 ve 0,071 
mm/yıl olarak ölçülmüştür. Ç 304 ve Ç 316 çeliklerin, 
Ç 1010 a göre daha korunaklı olması her iki çeliğin 

Şekil 5. Ç 304 Çeliğin farklı boraks derişimi içeren çözeltil-
erde elde edilen Tafel Polarizasyon Eğrileri (Tafel Polarization 
Curves of Ç 304 Steel in solutions with different borax concentra-
tions).

Şekil 6. Ç 316 Çeliğin farklı boraks derişimi içeren çözeltil-
erde elde edilen Tafel Polarizasyon Eğrileri (Tafel Polarization 
Curves of Ç 316 Steel in solutions with different borax concentra-
tions).

Şekil 7. Çeliklerin 0,100 M boraks içeren çözeltilerde elde 
edilen Tafel Polarizasyon eğrileri (Tafel Polarization curves of 
steels obtained in solutions containing 0.100 M borax).

Tablo 2. Farklı boraks derişimlerinde çeliklerin korozyon parametreleri (Corrosion parameters of steels obtained in different borax 
concentrations). 

 Boraks Derişimi (M) 
(Borax Concentration (M)) 

Ecor 
(V) βa βc Rp 

(ohm) 
Korozyon Hızı (mm/yıl) 

(Corrosion Rate (mm/year)) 

Ç 1010 

0,0125 -0,843 0,458 0,198 1836 0,293 
0,025 -0,836 0,463 0,207 1849 0,278 
0,050 -0,825 0,476 0,212 1892 0263 
0,100 -0,817 0,487 0,223 1910 0,251 

Ç 304 

0,0125 -0,896 0,602 0,205 3980 0,162 
0,025 -0,888 0,605 0,235 4209 0,145 
0,050 -0,822 0,612 0,242 4222 0,138 
0,100 -0,813 0,620 0,257 4241 0,132 

Ç 316 

0,0125 -0,905 0,683 0,251 8452 0,090 
0,025 -0,882 0,698 0,263 8546 0,082 
0,050 -0,852 0,710 0,260 8651 0,079 
0,100 -0,803 0,729 0,263 9028 0,071 
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Mo alaşım elementinden kaynaklanmış olabilir. Ingle 
ve arkadaşları çalışmalarında, 316 L çeliği içine katılan 
Mo alaşım elementinin, çelik bileşimi içinde yer alan 
kromun pasifleştirme özelliğine katkı sağladığı ve çelik 
yüzeyindeki aktif bölgeleri önleyerek çeliği korozyon-
dan koruduğu sonucuna vardılar [28].

Tablo 2 incelendiğinde, tüm verilerde Tafel anodik sa-
bitinin (βa), Tafel katodik sabitinden (βc) büyük olduğu 
görülmektedir. Bu durum korozyon mekanizmasının 
anodik reaksiyon kontrolünde olduğunu göstermekte-
dir. Bu durum boraksın anodik inhibitör davranış gös-
terdiği tezini desteklemektedir [28].

Boraks derişiminin artması ile düşük karbonlu çelikler-
de korozyon hızı azalmaktadır. En yüksek boraks deri-
şime (0,100 M) ile en düşük boraks derişime (0,0125M) 
sahip boraks çözeltilerde, Ç 1010 çeliğinde %14,3, Ç 
304 çeliğinde %18,5 ve Ç 316 çeliğinde %21,1 koruma 
sağlandığı anlaşılmaktadır. Bu durum boraksın inhibi-
tör olma potansiyeli olduğunu ve bu çeliklerin borakslı 
ortamlarda güvenle kullanılabileceğini göstermektedir.

4. Sonuçlar (Conclusions)

Sonuç olarak; borakslı çözeltilerde, Ç 1010, Ç 304 ve 
Ç 316 çelikleri korozyona karşı oldukça dirençlidir. Ar-
tan boraks derişimlerinde tüm çeliklerde korozyon hızı 
azalmıştır. Boraks, çeliklerde anodik inhibitör davranı-
şı göstermiştir. Kimyasal bileşiminde bulundurduğu Cr, 
Ni ve Mo alaşım elementleri sayesinde Ç 316 çeliği 
korozyona karşı en dayanıklı malzeme olarak tespit 
edilmiştir. Ç 1010 çeliği Ç 304 ve Ç 316 çeliklerine 
kıyasla daha düşük dayanım göstermekle birlikte, bu 
ortamda pasifleşme özelliği nedeniyle korozyona karşı 
direnç göstermiştir. Ç 304 çeliğin korozyona dayanımı 
Ç 316 dan düşük, Ç 1010 çeliğinden yüksek olarak bu-
lunmuştur.
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ABSTRACT

Nano particles of zinc borate were obtained by homogeneous precipitation 
method which is based on dissolving zinc borate in ammonia and precipitating it 
as nano particles by slow evaporation of ammonia. The synthesized zinc borates 
were characterized by advanced analytical techniques. Zinc borate nano particles 
were used as a lubricant additive to spindle oil having Span 60 dispersant. The 
particles were well dispersed in spindle oil as shown by optical microscopy of the 
oils. Four ball tests of the lubricants indicated zinc borate lowered (61.8%) the 
wear scar diameter significantly. The hardness of wear surfaces of test balls was 
reduced from 688 HV to 618 HV and presence of zinc borate particles embedded 
on the surface indicated a flexible skin was formed. Therefore the pressure was 
decreased due to increase of the contact area of the balls. The surface roughness 
was also decreased from 35.63 nm to 27.60 nm by the addition of zinc borate to 
spindle oil having Span 60. Zinc borate prepared by homogeneous precipitation 
technique lowered the wear of the surfaces that rub to each other.

1. Introduction

Nano particles of zinc borate hydrates can be obtained 
using different methods. 4ZnO·B2O3·H2O nanopar-
ticles can be synthesized by dissolving the precipitate 
obtained from borax decahydrate and zinc nitrate so-
lution [1] or by dissolving 2ZnO·3B2O3·3.0-3.5H2O [2] 
in ammonia and then reprecipitating it with the help of 
evaporation of ammonia by heating the solution. Form-
ing zinc borate nano particles in mineral oil allows the 
use of the mixture as lubricating oil [3]. Hydrophobic 
zinc borate nanoparticles could be obtained from zinc 
oxide, boric acid and oleic acid in water [4]. Saffari et 
al. prepared nano-sized zinc borates at 200°C and 15 
bar pressure from aqueous borax and zinc nitrate so-
lutions [5]. The surfactants are added to the mixture in 
order to obtain nano zinc borate particles with different 
geometries [6-9]. Agglomerates of nano zinc borate 
platelets were obtained from nano zinc oxide and bo-
ric acid at 85°C with surfactants or without surfactants. 
Either 2ZnO·3B2O3·7H2O, 2ZnO·3B2O3·3.5H2O or 
3ZnO·3B2O3·5H2O were obtained by mixing aqueous 
borax and sodium nitrate solutions in different propor-
tions by controlling the temperature (80°C-90°C) and 
pH [10]. The effects of temperature (45°C-85°C), mix-

ing rate (400-500 rpm) and reactant feed rate (300-
900 cm3 hr-1) on zinc borate particle size were investi-
gated by Polat and Sayan [11]. Zinc sulfate hydroxide 
(Zn4SO4(OH)6) and boric acid in aqueous solution 
were used in zinc borate preparation [12]. The mor-
phology of zinc borates (2ZnO·3B2O3·3H2O) changed 
from platelet to polyhedron at the reaction temperature 
of 90°C with increasing the water content in the reac-
tion solution [12].

Zinc borates had flame retarding effect in epoxy resin 
[1], polyvinyl chloride [2], polyethylene [4], polyure-
thane [10], polyvinyl alcohol [12] and cellulose [13]. 
Cotton fabric that was dried after immersing in a sus-
pension of nano particles of zinc borate had flame re-
tardant properties [13].

Many studies were made using zinc borate nanopar-
ticles as lubricant additives [3]. Zinc borate nanopar-
ticles by inverse emulsion method in mineral oil us-
ing Span 60 lowered friction coefficient and wear scar 
diameter in four ball tests compared to that of pristine 
mineral oil [3]. Nano zinc borate with 40 nm size dis-
persed in mineral oil lowered the wear scar diameter 
by 50% and friction coefficient by 20% [14]. Nano zinc 
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borates with 600 nm size improved the tribological 
properties of water-based drilling fluids [5]. Sunflower 
oil containing zinc borate with a particle size of 500-
800 nm lowered the friction and wear, as well [15]. The 
tribological capacity of zinc borate ultrafine powders 
modified with hexadecyltrimethoxysilane or oleic acid 
in mineral oil can be explained by the formation of con-
tinuous tribo-film on the worn surface which improves 
the friction and wear properties [16].

The present study aims the synthesis of zinc borate 
nano particles which are used as a lubricant additive 
in order to reduce the wear of the metal machine parts 
that rub to each other. For this purpose, the aqueous 
zinc nitrate and borax solutions were mixed and the 
precipitate was dissolved with ammonia. Nano par-
ticles of zinc borate were formed as the ammonia 
was evaporated by heating. The nano particles were 
characterized by advanced analytical methods. The 
effect of nano zinc borate on tribological behavior of 
spindle oil was investigated. Both the state of disper-
sion of particles in lubricants and tribological behavior 
of the lubricants were determined and the worn test 
surfaces were characterized by elemental analysis, 
atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM) and Vickers hardness.

2. Materials and Methods

Borax decahydrate (99.9%, Eti Maden Inc.), zinc ni-
trate hexahydrate (99.9%, Fluka), Sorbitan monostea-
rate (Span 60) from Sigma Aldrich, ethanol (99.8%) 
from Riedel were used in the experiments. Light neu-
tral oil called as spindle oil (SN 150) (TÜPRAŞ A.Ş) 
was used as a base oil for lubricant preparation.

2.1. Synthesis of Zinc Borate

The precipitation of zinc borate in the bulk phase was 
carried out by homogeneous precipitation method 
[2,6,17]. 20 cm3 1.25 mol dm-3 zinc nitrate and 30 cm3 

0.08 mol dm-3 borax solution were mixed at 45°C. The 
formed white precipitate was dissolved by addition of 
12.5 cm3 25% ammonia. The mixture was added to 75 
cm3 water and mixed at 600 rpm by magnetic stirring 
at 45°C in an 8 cm diameter open container. During 
the mixing the pH of the solution was monitored by 
a pH meter. Nano zinc borate precipitated while am-
monia was slowly evaporated. The experiments were 
repeated for different heating periods of 3, 5, 6,12 and 
15 hours in order to reveal the effect of heating time 
on the tribological properties of the lubricants The vol-
ume of each solution was measured at the end of the 
heating period. The white sediment for each heating 
period was separated by centrifuging at 9000 rpm for 
10 minutes, washed with ethanol and water and recen-
trifuged. The sediments were dried at 40°C under vac-
uum for 12 hours. A lower drying temperature (40°C) 
was applied rather than that of the previous investiga-
tors [2,17] drying temperature (70°C) to avoid further 

reaction and growth of particles during drying.

2.2. Characterization of Zinc Borate

The Fourier Transform Infrared (FTIR) spectra of the 
samples were attained by KBr transmission method 
in Shimadzu FTIR 8601. For thermal characterization, 
the samples (10-15 mg) were heated from room tem-
perature to 600°C at 10°C min-1 under N2 flow of 40 
cm3 min-1 in alumina sample holder in Thermogravi-
metric (TG) analysis and in aluminum pan for Differen-
tial Scanning Calorimetric (DSC) analysis in Shimadzu 
TGA 51 and Shimadzu DSC 50, respectively. X ray dif-
fraction diagrams (XRD) of the samples were obtained 
with CuKα radiation with 0.154 nm wavelength in Phil-
ips Xpert-Pro. SEM micrographs of gold sputtered 
samples fixed to a double sided tape were achieved 
using Philips XL30 SFEG. C, H, N, S content of the 
samples were determined in CHNS analyzer (Leco). 
The experiments run in dublicate and the average 
results were reported. The particle size distribution 
of samples dispersed in water using 1% calgon was 
measured by Malvern Mastersizer 2000. An analytical 
titration method described by Savrik [14] was used for 
determination of B and Zn contents of the samples. 
The titration experiments were run in triplicate and 
their average was reported.

2.3. Preparation of Lubricants

The lubricants were prepared using sorbitan mono-
stearate as a surfactant. Firstly, 1 g sorbitan mono-
stearate was dissolved in 100 cm3 spindle oil and 
heated up to 70°C, secondly, 1 g zinc borate prepared 
at different heating periods during its preparation was 
dispersed in the spindle oil. The lubricants are coded 
as L1: spindle oil, L2: spindle oil with surfactant, L3: 
spindle oil with surfactant and zinc borate heated for 
6 hours, L4: spindle oil with surfactant and zinc borate 
heated for 12 hours and L5: spindle oil with surfactant 
and zinc borate heated for 15 hours. The lubricants 
were mixed at 150°C at 20000 rpm for 2 minutes using 
a 700 Watt homogenizer (OMNI GLH) with 10 mm di-
ameter rotor-stator generator prob. The samples were 
further stirred for 2 hours using a magnetic stirrer (Yel-
lowline MSH Basic) at 600 rpm.

2.4. Characterization of Lubricants

The microphotographs of lubricants at room tempera-
ture were taken with an optical microscope (Olympus 
BX60M) fitted with a digital camera (Olympus DP25). 
The avarege diameters of particles in oil were mea-
sured by Olympus DP2-BSW program.

A four-ball wear test machine (Falex Corp.) was used 
for measurement of the friction coefficient and wear 
scar diameter of test balls for the lubricants L1-L5. The 
test was performed according to ASTM D 4172-94.
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Figure 1. FTIR spectra of the samples obtained by heating 3 (Plot 
1), 6 (Plot 2), 12 (Plot 3) and 15 (Plot 4) hours at 45°C during their 
preparation.

Balkose D. et al. / BORON 6(3), 338 - 347, 2021

2.5. Characterization of Balls After Four Ball Tests

2.5.1. Cutting of fixed balls

Fixed balls used for four ball tests for spindle oil (L1), 
spindle oil with dispersant (L2) and spindle oil with dis-
persant and zinc borate heated for 15 hours (L5) dur-
ing its preparation were cut into half with a microcutter 
(Metkon Microcut Precision Cutter) operating at 2000 
rpm using water as coolant. Thus worn surfaces of the 
balls could further be examined by SEM, EDX, AFM 
and microhardness testing.

2.5.2. Microhardness tests

Microhardness of the unworn and worn surfaces of the 
fixed balls was measured with digital microhardness 
tester (TIME HVS-1000) operating at 4.9 N load and 
20 s indentation time. Average of the measurements at 
three points was reported as the hardness of the ball 
surface in Vicker’s Hardness (VH).

2.5.3. Atomic force microscopy

Multimode Atomic Force Microscope (Digital Instru-
ment, Nanoscope IV) was used for measurement of 
roughness of the wear scars of the fixed balls.

2.5.4. EDX

EDX analysis of the uncoated samples was achieved 
using Philips XL30 SFEG.

3. Results and Discussion

3.1. Synthesis of Zinc Borate

Nano-sized zinc borate particles were produced ac-
cording to homogeneous precipitation technique de-
scribed by Mergen et al [2], İpek [6] and Ting et al. 
[17]. The mechanism of this method is explained as 
the following. Firstly, zinc nitrate to Zn2+ cations and 
NO3

- anions and borax decahydrate dissociates to 
[B4O5(OH)4]2- and Na+ cation in the solutions. When 
these two solutions are mixed Zn[B4O5(OH)4] precipi-
tates. The precipitate dissolves forming Zn(NH3)4

2+ 
complex as ammonia is added to the mixture. As the 
solution was heated at 45°C, ammonia and water are 
evaporated from the system. 17, 36, 93 and 116 cm3 
water was eliminated from total volume of 137.5 cm3 
solution for 3, 5, 6 and 15 hours of heating. The solu-
tion become concentrated at long periods of heating 
and by products such as sodium nitrate precipitates be-
sides zinc borates. The by products were eliminated by 
washing the precipitates. The pH value of the ammonia 
added solution was 10 initially and it was lowered with 
time as it was heated at 45°C in the open container. 
At the end of 3, 6, 12 and 15 hours, pH values were 
measured as 8.8, 8.2, 6.6 and 5.3, respectively. The 
decrease in pH was due to the removal of ammonia by 
heating and reaction 1 as reported by Savrik [18].

Zn[B4O5(OH)4]∙H2O precipitates when the zinc ion con-
centration satisfies its solubility parameter. The pre-
cipitation reaction of zinc cations and borate can only 
reach to molecular level due to small concentration of 
zinc ions. The growth of the crystals was inhibited ow-
ing to the presence of few Zn2+ ions in the solution. 
Thus nano-sized particles form. Further heating the 
mixture leads to the formation of Zn[B4O5(OH)4]∙H2O 
and then Zn[B3O3(OH)5]. However at higher pH values 
(10-12) Zn2+ ions reacts with OH- and NO3- ions to form 
zinc hydroxyl nitrate, Zn5(OH)8(NO3)2·2H2O as indicat-
ed by Savrik et al [14].

3.2. Characterization of Zinc Borates

The FTIR spectra of zinc borates prepared are shown 
in Figure 1a They exhibit the specific peaks of borate 
groups reported in the literature [17,19]. The band at 
3300 cm−1 is due to hydrogen bonded O-H groups 
stretching vibration. The band at 1634 cm−1 belonged 
to H-O-H bending vibration indicating that the samples 
had crystal water. The stretching bands of B(3)-O and 
B(4)-O are observed at 1343 and 1050 cm-1 respec-
tively. The peaks between 745-658 cm-1 belong to out-
of-plane bending mode of B(3)-O. The peak intensities 
also do not increase with mixing time.

Zn[B4O5(OH)4]∙H2O(s) + 2H2O(l) → 

Zn[B3O3(OH)5] H2O(s) + B(OH)3(s) (1) 

 

XRD diagrams of the zinc borates in Figure 2 have no 
sharp diffraction peaks. The line broadening due to na-
no-sized crystals formed and overlap of the broadened 
peaks results in a diffraction diagram similar to that of 
an amorphous substance. The precipitates obtained 
from dilute zinc nitrate and borax solutions at 25°C by 
Savrik et al [14] had similar x-ray diffraction diagrams 
of the samples obtained in the present study. On the 
other hand İpek [6] obtained sharp peaks at 2θ values 
of 13.2°, 17.5°, 19.8°, 21.2°, 23.4°, 26.5°, 28.5°, 30.9°, 
33.4°, 35.3°, 37.4°, 40.2°, 41.1°, 43.3°, 44°, 47.2°, 
50.3°, and 54.9° belonging to 2ZnO.3B2O3·7H2O 
(JCPDS 75-0766) for the nano particles with 211 nm 
mean size. The primary particle size of particles in the 
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Figure 2. XRD diagrams of samples heated for 3 (Plot 1), 6 (Plot 2), 
12 (Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

Balkose D. et al. / BORON 6(3), 338 - 347, 2021

present study should have been much smaller since 
they had very large line broadening. According to 
Scherrer Equation.

Where L is the size of the crystals perpendicular to 
diffraction plane with θ angle in nm, k=constant which 
is taken as 0.9, λ is the wavelength of the x-rays. For 
CuKα radiation the wavelength is 0.1546 nm. B is the 
breadth of the diffraction line at half height at angle 
θ. For instance the breadths of the first two peaks 
at 2θ values of 13.2° and 17.7° of XRD diagram of 
2ZnO.3B2O3·7H2O were found as 3.20° and 3.22° re-
spectively for particle size of 5 nm using Scherer equa-
tion. The breadth increases to 4.02° and 4.04° as the 
particle size is reduced to 4 nm. This value is sufficient 
for the overlap of the first two peaks of the XRD dia-
gram of 2ZnO.3B2O3·7H2O at 2θ value of 13.2° and 
17.7°. The line broadening values of the x-ray peaks 
increases to 3.6° and 4.5° for 2θ value of 54.9° for 
5 and 4 nm particle sizes respectively. Thus for 4 to 
5 nm particle size all the x-ray diffraction peaks of 
2ZnO.3B2O3·7H2O will be broadened and overlap with 
each other.

Ting et al. [17] indicated formation of crystalline phas-
es with increased heating period. The diffraction dia-
grams obtained did not belong to any of the known 
zinc borates [17].

Figure 3. TG curves of samples heated for 3 (Plot 1), 6 (Plot 2), 12 
(Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

L= kλ/(B cosθ)  (2) 

 

The TG curves of the samples are shown in Figure 3. 
Since all the samples were dried at 40°C further heat-
ing would eventually cause evaporation of remaining 
water. The onset of mass loss is 50°C for all samples. 
The first step of the mass loss was completed at 
270°C for the sample heated for 3 hours and there was 
a small second step at 520°C. There was a second 
step of mass loss at 490°C for the sample heated for 
6 hours. The sample heated for 9 hours completed its 
mass loss at 550°C. The sample heated for 15 hours 
had a second step of mass loss at 250°C.

Considering dehydration behavior of possible prod-
ucts that will be obtained in the precipitation reaction, 
their identification was attempted to be made in the 
present study.

Alp et al. [20] determined the onset of dehydration of 
zinc borate 2ZnO·3B2O3·7H2O, 2ZnO·3B2O3·3H2O as 
129°C and 320°C, respectively, at a 10°C min-1 heat-
ing rate. Therefore, the present samples could only be 
zinc borate with seven mols of water.

Formation of Zn5(OH)8(NO3)2·2H2O was also possible 
in homogeneous precipitation reaction. The dehydra-
tion of Zn5(OH)8(NO3)2·2H2O occurs in three steps. 
The first step at 120°C is due to crystal water loss, the 
second step is at 145-160°C because of the de-hy-
droxylation, whereasthe third step between about 160-
230°C is owing to decomposition to ZnO and nitrogen-
and oxygen-containing compounds [21]. On the other 
hand, 4ZnO·B2O3·H2O was stable up to around 520°C 
and no considerable weight loss was detected up 
to this temperature. A sharp decrease in weight (4.4 
wt%.) occurred between 520 and 560°C [2].

Figure 4. DSC curves of samples heated for 3 (Plot 1), 6 (Plot 2), 
12 (Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

DSC curves of the samples shown in Figure 4 exhibit 
two endothermic peaks at around 100°C and 500°C 
that may be due to loss of free and bound water. Table 
1 presents the dehydration behavior of the samples 
and the first endothermic peak of the samples is re-
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Table 1. Dehydration temperatures and enthalpies of samples prepared by heating for different periods.

lated to removal of free water from the samples and 
the second peak is linked to the removal of water 
formed by the condensation of OH groups. The en-
thalpy changes were calculated from the areas of the 
observed peaks. The high enthalpy change (ΔH) of the 
first peak than that of the second peak indicated the 
presence of higher amount of free water than bound 
water in the samples.

The elemental composition of the samples displayed 
in Table 2 were determined by CHNS elemental ana-
lyzer. The samples contained N and C elements be-
sides H. The samples contained 1.19 to 2.02 %. N 
which might be present as NO3

- ions. The presence 
of carbon (0.39-1.51 %) in the samples may be due to 
the CO2 adsorption of the samples from the air.

ZnO % and B2O3 %, CO3
2- and NO3

-, contents of the 
samples are shown in Table 3. B2O3/ZnO molar ratio 
of samples for different mixing periods is changing be-
tween 0.683 and 0.755 as seen in the Table 3. This re-
sults the empirical formula of the zinc borate obtained 
as 2ZnO.3B2O3.xH2O.

Water content of the samples were determined by 
three different methods. The first method is thermo-
gravimetric analysis. The total mass loss at 600°C 
corresponds to elimination of water from the samples. 
The second method is CHNS analysis. It can be as-
sumed that the H in the samples can only be pres-
ent as H2O or OH. The third method is related to the 
material balance of chemical analysis. The difference 

Figure 5. Particle size distribution of samples heated for 3 (Plot 1), 
6 (Plot 2), 12 (Plot 3) and 15 (Plot 4) hours at 45°C during their 
preparation.

Table 2. C, H, N element % of zinc borates obtained at different time 
of heating.

between 100 and the summation of B2O3 %, ZnO %, 
CO3

2- % and NO3
- % gives the water content by mate-

rial balance. Mass losses of the samples are changing 
from 9.48% to 17.07% by to TG analysis, 17.91-20.7 
% by CHNS elemental and 9.36% to 16.50% by mate-
rial balance.

2ZnO∙3B2O3∙3H2O and ZnO∙B2O3∙2H2O contain 
12.69% and 19.25% H2O, respectively [22], [23]. 
The water content of 2ZnO∙3B2O3∙3H2O is eliminated 
above 340°C [22], the samples prepared in the pres-
ent study can not be 2ZnO∙3B2O3∙3H2O since their 
maximum dehydration temperature is around 100°C 
as DSC analysis indicated.

Particle size distributions of samples are found as 
bidisperse as shown in Figure 5. There is a small 
peak being maximum around 600 nm, and a big peak 
around 20 μm. The mean particle diameter of zinc bo-
rate particles were increased with heating time from 
16.78, 18.93, 18.22 and 22.36 μm for 3, 6, 12 and 15 
hours heating time, respectively. These large particles 
were thought to be formed by the agglomeration of the 
nanoparticles formed by homogeneous precipitation.

SEM images of the sample heated for 3 hours are ex-

Table 3. ZnO, B2O3, CO3
2- and NO3

- weight % and B2O3/ZnO molar ratio and H2O weight % of zinc borates.

Heating 
Time 

First Peak Second Peak 
Onset 
(°C) 

Maximum 
(°C) 

Endset 
(°C) 

ΔH 
(J g-1) 

Onset 
(°C) 

Maximum 
(°C) 

Endset 
(°C) 

ΔH 
(J g-1) 

3 33.1 100.6 204.7 -163.7 520.0 582.0 580.0 -10.7 
6 31.0 94.6 230.4 -220.2 504.4 538.5 582.3 -61.6 

12 48.9 98.2 162.3 -191.0 309.7 521.5 313.9 -1.7 
15 40.4 102.2 233.3 -305.0 245.6 296.4 365.9 -43.0 

 

Time (h) 
Average (wt %) 

C H N 
3 0.43±0.10 1.99±0.04 1.19±0.01 
6 0.44±0.02 2.15±0.09 2.13±0.01 
12 0.39±0.10 1.99±0.06 1.77±0.01 
15 1.51±0.05 2.30±0.04 2.02±0.01 

 

Time (h) Weight (%) B2O3/ZnO 
mol ratio 

H2O (%) 
ZnO B2O3 CO32- NO3- TG CHNS Chem. 

3 44.81 31.27 2.15 5.27 0.683 9.48 17.91 16.50 
6 42.28 30.94 2.20 9.43 0.736 14.76 19.35 15.15 
12 43.78 30.95 1.95 7.84 0.734 17.07 17.91 15.48 
15 42.36 31.78 7.55 8.95 0.755 13.89 20.70 9.36 
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Figure 6. SEM micrographs of the sample heated for 3 hours at 
45°C during its preparation. At a. 50000x, b. 10000x magnification. 
The scale is 500 nm and 2 μm for a and b, respectively.

a

b

Figure 7. Optical micrographs of a. Spindle oil (L1), b. Spindle oil 
and dispersant (L2), c. Spindle oil with dispersant and zinc borate 
heated for 15 hours.

particle size distribution analysis since the zinc borate 
particles are well dispersed in mineral oil. Besides, the 
homogenization process during lubricant preparation 
disperses the agglomerated zinc borate particles.

3.3.2. Tribological properties of the lubricants

Colloidal boron compounds are more effective ex-
treme pressure and antiwear additives compared to 
sulfur and phosphorous containing additives which 
are considered causing damage to both engine and 
environment [24-27]. Zinc borate particles are added 
to spindle oil and four ball tests were applied to deter-
mine the tribological properties in the present study. 
Results of the four ball tests of the lubricants are re-
ported in Table 4 for both the present study and previ-
ous studies.

At 75°C, the four ball test temperature, Span 60 dis-
persed in spindle oil is in liquid form since it melts at 
50°C [18]. It has strong effect on reducing friction coef-
ficient and wear scar diameter in four ball tests since 
it can be adsorbed on the surfaces of the balls with 
its polar ester groups. When Span 60 and zinc borate 
are added simultaneously to spindle oil, Span 60 en-
sures the even dispersion of zinc borate particles. On 
the other hand, Span 60 addition to spindle oil lowered 
the coefficient of friction from 0.1 to 0.07. The friction 

a

b

c

hibited in Figure 6. Spherical agglomerates are with 
100-500 nm size are observed in Figure 6a. The ag-
glomerated particles were also sticked together to 
form larger particles as seen in Figure 6b. Since the 
particle size analysis indicated the presence of par-
ticles around 20 μm, these particles were also further 
agglomerated. It was thought that these agglomerates 
formed by continuous mixing of the precipitation medi-
um at high rate, 600 rpm for long period. The decrease 
in stirring rate could solve the agglomeration problem. 
This problem of agglomeration were also observed by 
other investigators [7-9].

3.3. Characterization of Lubricants and Wear Sur-
faces

3.3.1. Optical microscopy of lubricants

The inorganic additives were used simultaneously 
with dispersants in lubricants. The surfactant, sorbitan 
monostearate (Span 60) was employed as dispersant 
in the present study. Figure 7 indicates the optical mi-
crophotographs of the spindle oil (L1), spindle l oil with 
dispersant (L2) and spindle oil with dispersant and 
zinc borate heated for 15 hours (L5). The micropho-
tograph of the spindle oil (Figure 7a) has only an air 
bubble, whereas, the microphotographs of the oil with 
additives has the polydispersed particles. The spindle 
oil with Span 60 has rod-like shape particles with 5.55 
μm average length (Figure 7b). When the zinc borate 
mixed for 15 hours is added into spindle oil, average 
diameter of the particles is 3.06 μm (Figure 7c). Span 
60 covered the zinc borate particles and therefore rod 
like Span 60 particles are not present. The particle size 
of the samples differs than the values measured by 
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coefficient of spindle oil with Span 60 and zinc borate 
prepared by mixing 6, 12 and 9 hours had friction coef-
ficients of 0.09, 0.07 and 0.08 respectively (Table 4). 
The wear scar diameter was reduced from 1.4 mm to 
0.66 mm by addition of the sufactant Span 60. It was 
0.56 mm, 0.53 mm and 0.53 mm for the lubricant with 
both surfactant and zinc borates prepared in 6, 12 and 
15 hours respectively as seen in Table 4. Thus wear 
scar diameter of the lubricant with zinc borate heated 
for 12 hours was smaller than 61.8% than the spindle 
oil (L1). The zinc borates lowered the wear scar di-
ameter compared to that of the spindle oil having only 
surfactant (L2) (Table 4). Lubricant with Span 60 and 
nano zinc borate prepared by heating for 12 hours had 
minimum coefficient of friction and wear scar diameter 
among the present and previous studies [3,14] as pre-
sented in Table 4. The decrease in the wear of the sur-
faces with lubricants with zinc borate particles is due 
to filling of the cavities created on the worn surface by 
them. Therefore, the smoother surfaces result in a de-
crease in shearing stress and tribological properties.

3.3.3. Surface topography and composition of the 
worn balls

The surface topography of unworn and worn surfaces 
of the test are shown in Figure 8 and their average sur-
face roughness values measured by AFM are tabulat-
ed in Table 5. The images showed that no new phase 
was obtained on the rubbed surfaces of the test balls. 
The agglomeration of particles on the pit in Figure 8a 
might be the deposition film on the friction contacting 
area. Figure 8b exhibits much smoother surface. The 
surface roughness was also decreased from 35.63 nm 
to 27.60 nm by the addition of zinc borate to spindle oil 
having Span 60.

The fixed balls lubricated with spindle oil (L1), spindle 
oil and sorbitan monostearate (L2), the lubricant con-
taining sorbitan monostearate and zinc borate (L5) 
were cut with a microcutter for closer examination of 
worn surfaces by SEM. The scars and pits observed 
by AFM on the surfaces are also visible in SEM micro-
graphs of worn surfaces in Figure 9.

The elemental composition of unworn, worn and de-

Table 4. Tribological properties of lubricants.

formed surface of the fixed ball lubricated with the oil 
with Span 60 and zinc borate particles was determined 
by EDX (Figure 8c). The white, red and green frames 
in Figure 9c represent areas of pristine, worn and de-
formed surfaces. The EDX analysis results of these 
surfaces are listed in Table 6. The oxygen content is 
higher for the deformed and worn surfaces than that 
of pristine surface due to oxidation by cooling water 
used during cutting process. Boron content was also 
higher for the worn surface. While in previous stud-

Figure 8. Three dimensional AFM view of 5μm x 5μm are of worn 
surfaces of balls after four ball tests. Surfaces of ball tested with a. 
Spindle oil, b. Spindle oil with Span 60 c. Spindle oil with Span 60 
and zinc borate heated for 15 hours.

a

b

c

Code Lubricant Friction 
coefficient 

Wear scar 
diameter (mm) Reference 

L1 Spindle oil 0.10 1.40 Present study 
L2 Spindle oil with Span 60 0.07 0.66 Present study 

L3 Spindle oil with Span 60 and zinc borate 6 hour 0.09 0.56 Present study 

L4 Spindle oil with Span 60 and zinc borate 12 hour 0.07 0.53 Present study 

L5 Spindle oil with Span 60 and zinc borate 15 hour 0.08 0.53 Present study 

- Nano zinc borate and Span 60in mineral oil by 
inverse emulsion 

0.09 0.60 [3] 

- Nano zinc borate and Span 60 in mineral oil 0.08 0.69 [14] 
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Table 5. Surface rougness and hardness of values unworn and worn surfaces of test balls after four ball tests.

Table 6. Elemental composition of unworn, worn and deformed sur-
faces of the fixed ball after four ball test with lubricant with Span 60 
and zinc borate.

pure oil (L1). This can be explained by the migration 
of polar groups to the metal surface and formation of 
physical bonds with surfaces. However, the addition 
of zinc borate particles to spindle oil (L5) considerably 
decreases hardness of worn surface. A soft thin layer 
which candeform easily could be the cause of this be-
havior. Therefore the pressure is decreased due to the 
decrease of the contact area between the rubbing sur-
faces and the wear scar diameter is lowered, as well 
[15,28].

ies either only B element [25] or Zn element [16] was 
found on the worn surface, both elements existed si-
multaneously in the present study. This indicated that 
zinc borate particles were embedded on the surface.

b

a

b

c

Figure 9. SEM micrographs of warn surfaces of balls after four ball 
tests with a. Spindle oil (L1) b. Spindle oil with Span 60 (L2), c. Spin-
dle oil with Span 60 and zinc borate heated for 15 hours (L5) (white 
frame: Pristine surface, red frame: Worn surface, green frame. De-
formed surface.

Ball Surface Surface Roughness 
Ra(nm) 

Surface Hardness 
Vickers 

Unworn 35.37 709 
Worn with Spindle oil (L1) 27.10 677 
Worn with Spindle oil with Span 60 (L2) 35.63 688 
Worn with Spindle oil with Span 60 and zinc borate (L5) 27.60 618 

 

3.3.4. Surface hardness

The hardness of pristine and worn surfaces of four ball 
test balls was measured by indentation test and re-
sults are shown in Table 5. The average Vickers hard-
ness value of the pristine ball surface was found as 
709 HV (equivalent to 61 HRC). This value is consis-
tent with literature value of 52100 steel which is 59-
61 HRC. The average Vickers hardness values of the 
balls lubricated with spindle oil (L1), spindle oil with 
surfactant (L2) and the lubricant including zinc borate 
(L5) were measured as 677, 688 and 618 HV, respec-
tively. The hardness of the worn surface with oil with 
Span 60 is higher than that of the worn surface with 

4. Conclusions

In this study, zinc borates were obtained from zinc ni-
trate and borax solutions. Dissolution of zinc borate 
with ammonia and reprecipitation by removing am-
monia resulted in formation of nanoparticles of zinc 
borate. The FTIR spectra of the samples confirm 
the presence of borate groups. XRD of the samples 
appear as if they belong to amorphous substances. 
Spherical agglomerated particles were formed due to 
mixing of the precipitation medium at high rate for long 
periods. The mean particle diameter of zinc borate 
particles dispersed in water were measured as 16.78 
μm, 18.93 μm, 18.22 μm and 22.36 μm for 3, 6, 12 and 
15 hours heating at 45°C during preparation of zinc 
borates respectively.

Element 
Mass (%) 

Pristine 
Surface 

Worn 
Surface 

Deformed 
Surface 

Carbon 4.8 18.5 38.4 

Oxygen 1.7 8.4 13.5 

Iron 80.3 56.2 21.0 

Silicon 0.8 0.4 0.8 

Chromium 1.4 1.3 0.6 

Manganese 2.0 0.7 0.6 

Sulfur 0.4 0.2 0.4 

Phosphorous 0.6 0.1 0.2 

Nickel 2.6 1.1 0.9 

Calcium 0.2 0.2 0.6 

Boron 5.4 10.8 21.4 
Zinc 0.0 2.3 1.6 
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The zinc borate particles were well dispersed in spin-
dle oil with average diameter of 3.06 μm. In the lubri-
cant large sized particles such as 22.36 μm was not 
detected which confirmed the homogenization pro-
cess during lubricant preparation well dispersed the 
agglomerated zinc borate particles. The zinc borate 
particles also points their potential use as tribologi-
cal additives. The wear scar diameter was reduced by 
61.8% for lubricant containing zinc borate and Span 
60 as compared to the spindle oil. The boron and zinc 
contents of the worn surfaces lubricated with oil with 
zinc borate were higher than that of the unworn sur-
faces. This may be caused by the presence of em-
bedded zinc borate additive on the worn surface. The 
hardness of the worn surface lubricated with spindle 
oil containing surfactant was highest one compared to 
the surfaces lubricated with only oil and oil having both 
zinc borate and surfactant.
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ABSTRACT

Mining activities are followed by mineral processing and wet beneficiation methods 
which generate a significant amount of tailings. Slime fractions are discharged 
to the tailing ponds with associated process water and this causes storage and 
disposal difficulties and creates severe environmental problems. Therefore, 
dewatering these tailings is necessary for both economic and environmental 
aspects. In this study, the flocculation behaviors of the boron tailings from Ağıldere 
and Hisarcık (Turkey) were studied in the presence of anionic, cationic, and non-
ionic flocculants. The results showed that the free settling condition was optimum 
for the Ağıldere sample. On the contrary, the settling rate of the Hisarcık sample 
increased considerably by the use of flocculants with a significant decrease in 
the turbidity of the suspension. Flocculation experiments indicated that the effect 
of the flocculant type on the flocculation of the Hisarcık sample can be generally 
ordered as anionic>cationic>non-ionic>no-flocculant. Furthermore, ultrasound 
was used as a supporting application. The results indicated that although the 
ultrasound application decreased the settling rate of both samples, lower sediment 
bed heights were obtained for the Hisarcık sample with ultrasound because of the 
formation of a more compact sediment bed in the presence of ultrasound.

1. Introduction

Dewatering of suspensions is carried out by the sepa-
ration of solids from a liquid by mechanical compres-
sion, air displacement under vacuum or pressure, and 
drainage in a gravitational or centrifugal system. When 
the products of these methods are considered, it can 
be seen that the solid/liquid separation usually needs 
a long time [1,2]. In order to accelerate and increase 
the efficiency of solid/liquid separation, long-chain 
polymers (flocculants) which adsorb to particle sur-
faces and form bridges between the finely dispersed 
particles can be employed [3-5]. The flocculation rate 
and efficiency dependent upon various parameters in-
cluding the surface properties of the solid, the interac-

tions between the flocculant and the particles, the wa-
ter content of the suspension, and the dosage of the 
flocculant. Therefore, many optimization experiments 
should be carried out for these parameters including 
the various flocculant types [6,7].

As of the end of 2020, Turkey has 73.6% of the to-
tal world reserves [8]. Turkey has the biggest boron 
reserve in the world and a significant amount of the 
production of boron minerals [9]. Some methods in-
cluding flotation [10,11], leaching [12], heat treatment 
[13], gravity separation [9], electrostatic separation 
[14] were tried for the beneficiation of boron minerals 
at a laboratory scale. However, the most economic 
and viable beneficiation method for boron minerals is 
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known as the removal of clay content by washing af-
ter mechanical attrition at the industrial scale [11,15]. 
As a result of the beneficiation processes, a significant 
amount of tailings are generated and the fine fractions 
typically less than 3 mm are discharged to the tailing 
ponds with associated process water, which causes 
important storage, disposal, and environmental prob-
lems [16]. Therefore, the dewatering of these tailings 
is very crucial in the economic and environmental 
aspects. However, only a few researchers studied 
the flocculation of boron ores and tailings. Çırak and 
Hoşten [2] emphasized that since the clay content of 
the boron tailings decreases the sedimentation rate, 
the sedimentation process in the tailing ponds can be 
increased up to ten days. In addition, it is reported that 
the treatment of borax tailings can be feasible if the 
parameters of the solid/liquid separation process are 
implemented properly [5].

The efficiency of mineral processing operations can be 
enhanced by ultrasound (US) applications [17]. Ultra-
sound is a soundwave above the human perception 
frequency limit (more than 20 kHz) [18]. The ultrasonic 
application causes acoustic streaming in a liquid me-
dium [19]. In addition, ultrasound travels in a fluid as 
three-dimensional pressure waves consisting of alter-
nating cycles of compression and rarefaction. If the 
negative pressure generated during the rarefaction cy-
cle is sufficient to overcome the molecular forces bind-
ing the liquid, cavitation bubbles occurred [20]. These 
bubbles are collapsed in the immediate compressing 
phase with releasing a very large but localized burst of 
energy. This process is known as cavitation and some 
extremely high temperature (5000 K) and pressure 
(1000 atm) conditions can be obtained in the liquid 
medium via the cavitation process [21]. The level of 
cavitation is higher in the presence of solid particulate 
matter in the liquid. The cavitation bubbles formed at 
the solid surfaces can help the separation of solid and 
liquid via decreasing the surface energy.

Singh [22] used ultrasound in the solid/liquid separa-
tion of fine clean coal particles by vacuum filtration. 
His results indicated that ultrasound pretreatment has 
the potential for better cake moisture removal and en-
hanced filtration rate. Önal et al. [23] reported that the 
flocculant consumption is reduced with the use of ul-
trasound in the clay flocculation, decrease the settling 
time by half with an increased final pulp density. Burat 
et al. [24] investigated the effects of ultrasound on the 
dewatering of fine coal particles with a high frequency 
vibrating screen and they obtained a lower moisture 
content with ultrasound.

In this study, the flocculation behaviors of the tailings 
of two boron processing plants located in Ağıldere 
(Bandırma), and Hisarcık (Emet) were studied in the 
presence of differently charged (anionic, cationic, and 
non-ionic) flocculants and the effect of the use of ul-
trasound on the flocculation process was investigated.

2. Materials and Methods

2.1. Materials

Although boron is one of the rarest elements in the 
earth's crust (10 ppm) [25], there are also places 
where boron minerals are collected and economi-
cally exploited. These deposits are generally directly 
related to hydrothermal spring activity, closed basins 
and Cenozoic volcanism in arid climate conditions and 
occurs in a limited number of Neogene to Holocene 
non-marine evaporitic settings [26]. Hisarcık deposit 
was formed in Miocene lake environments contributed 
by volcanism [27].

The samples used in this study were obtained from 
the tailing ponds of two different boron processing 
plants, which produce various boron-containing com-
pounds including boric acid, borax pentahydrate, bo-
rax decahydrate, dehydrated borax, disodium octabo-
rate tetrahydrate, zinc borate, and amorphous boron 
oxide [28,29]. The representative samples were taken 
systematically from the different sites and depths of 
the tailing ponds. The plants are located in Ağıldere/
Bandirma and Hisarcık/Emet regions in Turkey. The 
samples were coded as “Ağıldere” and “Hisarcık”, re-
spectively related to the plants they were collected.

Although the composition of borate formations differs 
related to the deposit, they are generally found to-
gether with sandstone, tuff, marl, clay, conglomerate, 
and limestone [26]. The Hisarcık deposit is generally 
composed of colemanite, ulexite, hydroboracite, and 
meyerhofferite. Clays accompanying boron minerals 
are mainly composed of montmorillonite. There are 
also illite and chlorite present in the clay zone. In addi-
tion, there are plenty of zeolites in the tuffs [30]. Other 
accompanied minerals are calcite, dolomite, gypsum, 
celestine, realgar, orpiment, and sulfur [25].

The chemical analysis of the samples was carried out 
by the volumetric titration method and the results are 
given in Table 1.

The particle size analysis of the samples was carried 
out with a laser diffraction particle size analyzer (Mas-
tersizer 3000, Malvern, UK) and the results are given 

Table 1. Chemical analysis of the samples.
 B2O3 

(%) 
Na2O 
(%) 

SiO2 

(%) 
SrO 
(%) 

SO4 

(%) 
MgO 
(%) 

CaO 
(%) 

Fe2O3 

(%) 
Al2O3 

(%) 
As2O3 

(%) 
Ağıldere 8.16 4.91 17.6 0.824 1.308 13.6 15.5 0.245 1.02 0.0038 
Hisarcık 2.45 0.03 8.68 1.62 37.07 1.83 30.5 0.87 1.72 0.88 
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in Figure 1, in addition to the d10, d50, and d90 sizes 
seen in Table 2.

It is seen in Figure 2 and Table 2 that the Ağıldere 
sample shows a wide particle size distribution with a 
d90 size of 256 µm. On the contrary, the Hisarcık sam-
ple was comprised of finer particles (d90=32.5 µm). 
Furthermore, although the tailings have consisted of 
various minerals, the zeta potential was measured for 
the characterization of the surface electrical properties 
of the tailings. The measurements were done twice 
with the electrophoresis method using a zeta meter 
(Zeta Plus, Brookhaven, UK) without and with ultra-
sound, and the average of two measurements were 
calculated.

It is seen in Figure 2 that since the samples have dif-
ferences in their chemical compositions as shown in 
Table 1, they have different behaviors at various pH 

Figure 1. The particle size distribution of the samples.

conditions. The changes in the zeta potential in the 
presence of ultrasound should be originated from 
the removal of clay particles from the surfaces. It is 
also clear from Figure 2 that both of the tailings had 
no point of zero charges (pzc) and the zeta potentials 
were always negative.

The flocculants used in this study were obtained 
from NCC Chemical Co. (Turkey) with the commer-
cial names of Newfloc-123 (anionic flocculant), New-
Floc-8243 (cationic flocculant), and Newfloc-101 
(non-ionic flocculant). The flocculant solutions were 
prepared using de-ionized (DI) water (18.2 MΩ∙cm at 
25°C) (Millipore Milli-Q, Merck, Germany), freshly. All 
experiments were performed at room temperature (23 
± 1°C).

2.2. Methods

First, the effect of the solid-in-pulp ratio on the settling 
properties of the samples was investigated with free 
settling experiments in the absence of flocculant. For 
this purpose, suspensions at 3%, 5%, and 7% solid-in-
pulp ratios were prepared in a 1 dm3 glass beaker and 
stirred using a flocculator (jar test device) (Velp Scien-
tifica, Italy) at 200 rpm for 10 min. Since the success of 
the flocculation process is dependent upon the stirring 
speed and time [31,32] these values were kept con-
stant in further experimental studies to investigate the 
effect of ultrasound on the flocculation process prop-
erly. In addition, in order to mimic the plant conditions, 
the flocculation experiments were carried out at the 
natural pH of the suspensions, which were 9.0 ± 0.2 
for the Ağıldere and 9.7 ± 0.1 for the Hisarcık samples.

Then, the suspensions were transferred to a graduat-
ed cylinder, separately and the height of the sediment 
bed was recorded as a function of time up to 240 min. 
The sediment bed heights as a function of settling time 
were used to obtain the settling rates.

Then, the effect of the flocculant type and dosage on 
the flocculation was studied using anionic, cationic, 

Figure 2. Zeta potential of Ağıldere (a) and Hisarcık samples (b).

Table 2. d10, d50, and d90 sizes of the samples.

 d10 d50 d90 
Ağıldere (µm) 0.3 20.6 256.0 
Hisarcık (µm) 2.8 10.1 32.5 
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and non-ionic flocculants, separately. The flocculant 
solutions were prepared at 0.1% concentration by 
weight and used in the flocculation experiments in the 
volumes of 2 cm3 (67 g/t), 4 cm3 (133 g/t), and 6 cm3 

(200 g/t).

The experiments with ultrasound were carried out us-
ing a cylindrical ultrasonic bath (Bandelin Sonorex RK 
106, Germany) working at a constant frequency (35 
kHz) and power (480 W). In order to investigate the 
effect of ultrasound on the flocculation process and 
to observe whether the ultrasound was causing floc 
breakage, the ultrasonic application was performed 
for 10 min before the settlement process starts. The 
suspension was stirred with a glass bar gently during 
the ultrasonic application to prevent the suspension 
to settle. The mechanic stirring was not preferred to 
avoid further floc breakage. The ultrasonic application 
method is shown in Figure 3.

Figure 3. The ultrasonic application method.

Figure 4. Settling rate of Ağıldere (a) and Hisarcık (b) samples at various solid-in-pulp ratios in the absence of flocculant.

3. Results and Discussion

The settling rate [33] and the turbidity of the residual 
suspension [34,35] are important indicators of the suc-
cess of the flocculation process. The settling rate of 
the Ağıldere and Hisarcık samples at various solid-in 
pulp ratios is seen in Figure 4a and b, respectively 
in the absence of flocculant. Figure 4 shows that the 
Ağıldere sample settled in a shorter time than the 
Hisarcık sample. While the maximum settling rate was 
observed between 1-3 min with the Ağıldere sample, 
the settling rate of the Hisarcık sample was the highest 
between 1-10 min. The maximum settling rate was ob-
tained as 17 cm/min at 1 min and 10 cm/min at 8 min 
for Ağıldere and Hisarcık samples at 3% solid-in-pulp 
ratio, respectively. Furthermore, it is obvious in Figure 
4 that the flocculation process becomes more difficult 
with an increase in the solid-in-pulp ratio and therefore 
the settling rates decreased. This can be related to 
the increase in the clay content of the suspension and 
hence the change in its rheological properties [36]. It 
is known from the literature that the adsorbed floccu-
lants per solid amount decreased with the increase in 
the solid-in-pulp ratio. In addition, the particle-reagent 
collision probability is low in crowded colloidal systems 
[37]. Therefore, it has an important role in flocculation 
efficiency [38,39]. However, it is also a fact that when 
the solid content of the system decreased, the floccu-
lation capacity will also decrease. Therefore, no solid-
in-pulp ratios below 3% were used in this study consid-
ering the capacity of the flocculation process. It is also 
seen in Figure 4 that the settling rate did not change 
significantly after 60 min for both samples. Therefore, 
it was decided to perform flocculation experiments for 
up to 60 min for further studies.

The results of the flocculation experiments in the pres-
ence of flocculants along with the results of the turbid-
ity measurements for the Ağıldere sample are seen in 
Figure 5. It is seen in Figure 5a-c that since the use of 
flocculant caused the re-stabilization of the particles 

During the flocculation experiments, a 5 cm3 sample 
was taken from the top of the suspension using a Pas-
teur pipette and the turbidity measurements were per-
formed with a turbid meter (Aquafast-II, Thermo Scien-
tific, USA) with respect to settling time.
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Figure 5. Settling rate (a-c) and turbidity (d-f) of the Ağıldere sample related to flocculant type and dosage.

[40,41], flocculant addition decelerated the settling of 
the Ağıldere sample. For instance, at 1 min settling 
time, while the settling rate was 17 cm/min without 
flocculant, it sharply decreased to 3 cm/min with an-
ionic flocculant at 67 g/t while the settlement process 
did not begin in the presence of cationic and non-ionic 
flocculants. Although the settling rate increased with 
flocculant dosage, it is a fact that flocculants were 
not useful for the settlement of the Ağıldere sample. 
In parallel, the results of the turbidity measurements 
given in Figure 5(d-f) showed that more muddy sus-
pensions were obtained at the end of 60 min settling 

time in the presence of flocculant. The difference in 
the turbidity of the suspension increased with floccu-
lant dosage and reaches 617 NTU, 318 NTU, and 223 
NTU, for anionic, non-ionic, and cationic flocculants at 
200 g/t, respectively, while it was 171 NTU in the ab-
sence of flocculant.

The results of the flocculation experiments in the pres-
ence of flocculants along with the results of the turbid-
ity measurements for the Hisarcık sample are given in 
Figure 6.
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It is seen from the results of the flocculation experi-
ments that the effect of the flocculant type on the floc-
culation of the Hisarcık sample can be generally writ-
ten as anionic > cationic > non-ionic > no-flocculant. 
Considering that the tailings had negative zeta poten-
tials, it can be said that the interaction between the 
particle surfaces and flocculant molecules was chemi-
cal rather than physical.

In the light of the flocculation experiments at various 
dosages, the ultrasound application was applied at 67 
g/t flocculant consideration considering the efficiency 

Figure 6a-c indicates that contrary to the Ağıldere 
sample, the settling rate increased significantly in the 
presence of flocculant for the Hisarcık sample. While 
the settling rate was 3 cm/min in the absence of floc-
culant, it increased to 52 cm/min, 62 cm/min, and 69 
cm/min at 1 min in the presence of 67 g/t non-ionic, 
cationic, and anionic flocculant, respectively. The max-
imum settling rate was obtained as 83 cm/min at 200 
g/t anionic flocculant at 1 min. It is also clear in Figure 
6d-f that the use of flocculant decreased the turbidity 
of the suspension, considerably related to the floccu-
lant type [42,43].
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and cost factors. The effect of the ultrasound applica-
tion on the results of the settling rate and turbidity is 
given in Figure 7 for the Ağıldere sample. It is seen 
in Figure 7a-d that the use of ultrasound decreased 
the settling rate of the Ağıldere sample, significantly 
because of the floc breakage. For instance, while the 
settling rate was 17% at 1 min settling time in the ab-
sence of flocculant without ultrasound, it decreased to 
2% with ultrasound. This trend did not change in the 
presence of flocculant. In several previous studies, it 

was also reported that ultrasound could be detrimental 
to the flocculation process related to the application 
conditions [44-46]. On the other hand, it is seen in Fig-
ure 7e-h that lower turbidity values were obtained with 
ultrasound in most experiments because of the forma-
tion of a more compact sediment bed in the presence 
of ultrasound.

The results of the settling rate and turbidity measure-
ments without and with ultrasound for the Hisarcık 
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sample are given in Figure 8. Similar to the Ağıldere 
sample, the results of the experiments for the Hisarcık 
sample seen in Figure 8 show that lower settling rate 
values were obtained with ultrasound at shorter set-
tling times. At longer settling times, the settling rates 
became equal without and with ultrasound. However, 
higher turbidity values were obtained with ultrasound. 
Although the use of flocculant increased the settling 

rate, the trend between the samples without and with 
ultrasound did not change. For instance, while the set-
tling rate was 69 cm/min without ultrasound, it was 
only 14 cm/min with ultrasound in the presence of 67 
g/t anionic flocculant.

Height of the sediment bed of Ağıldere and Hisarcık 
samples without and with ultrasound at 60 min is given 
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in Figure 9. Figure 9a shows that while higher sediment 
bed heights were obtained with ultrasound with the 
Ağıldere sample, ultrasound decreased the sediment 
bed heights of the Hisarcık sample as seen in Figure 
9b. The positive effect of ultrasound on the sediment 
bed height was mostly originated from allowing closer 
packing of the particles [47]. Meanwhile, there are 
some additional effects of ultrasound including the en-
hancement of emulsification and dispersion processes 
[17,48], as well as increasing the polymer adsorption 
onto clay particles [49], facilitation of the migration of 
moisture through channels created by wave propaga-
tion [24]. Furthermore, the cavitation bubbles formed at 
the solid surfaces can help the separation of solid and 
liquid via forming gas/liquid interfaces with much lower 
surface energy compared to solid/liquid surfaces [23]. 
Furthermore, Videla et al. [50] stated that ultrasound 
can favor the effects of flocculants and increasing their 
performance. They compared the longitudinal and 
transverse ultrasonic radiation in flocculation. They 
stated that acoustic longitudinal radiation served bet-
ter than transverse radiation to improve the sedimen-
tation rate. Furthermore, they investigate the effect of 
frequency. Their results showed that the sedimenta-
tion rate improved as the frequency decreased, and 
therefore, ultrasound at different frequencies could be 
used in the flocculation process for optimization pur-
poses. On the other hand, the detrimental effects of ul-
trasound on the flocculation of boron tailings observed 
in this study could be related to the floc breakage and 
inefficient agglomeration process in the presence of 
ultrasound in accordance with Riera-Franco de Sara-
bia et al. [51]. Moreover, it is also a fact that cavitation 
bubbles collapse asymmetrically in the presence of 
solid particles because of the asymmetric distribution 
of the pressure around the bubble near a solid parti-
cle. The asymmetric collapse of the cavitation bubbles 
causes the formation of micro-jets and shock waves 

[21,52,53]. These shock waves could remove the clay 
minerals on boron particles which are very fine and 
very difficult to settle. These fine clay particles could 
be responsible for the decrease in the settling rate and 
increase in the turbidity of the suspension.

4. Conclusions

In this study, the effect of ultrasound on the flocculation 
of the boron tailings from Ağıldere and Hisarcık regions 
of Turkey in the presence of anionic, cationic, and 
non-ionic flocculants was investigated in detail. The 
results showed that the decrease in the solid-in-pulp 
ratio increased the settling rate of both samples. It was 
observed that the Ağıldere sample could be settled in 
free settling conditions and flocculant addition harmed 
the settling process. On the other hand, there was a 
significant increase in the settling rate of the Hisarcık 
sample in the presence of flocculants with a consider-
able decrease in the turbidity of the suspension. The 
difference between the flocculation behaviors of the 
two samples was originated from the differences in 
their chemical compositions. The most effective floc-
culant types for the Hisarcık sample can be ordered 
as anionic, cationic, and non-ionic, respectively. In this 
study, ultrasound was also used as a supporting ap-
plication for flocculation. The results indicated that al-
though the use of ultrasound had a negative effect on 
the settling rate of both samples mostly caused by the 
floc breakage, since ultrasound allowed closer pack-
ing of the particles, lower sediment bed heights were 
obtained for the Hisarcık sample in the presence of 
ultrasound application.
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YAZAR KILAVUZU

1. KAPSAM
Bor Dergisi, bor alanında aşağıda nitelikleri açıklanmış ma-
kaleleri Türkçe ve İngilizce olarak kabul etmektedir.

Araştırma Makalesi: Orijinal bir araştırmayı bulgu ve so-
nuçlarıyla yansıtan yazılardır. Çalışmanın özgün ve mutlaka 
uluslararası bilime katkısı olmalıdır.

Tarama Makalesi: Yeterli sayıda bilimsel makaleyi tarayıp, 
konuyu bugünkü bilgi ve teknoloji düzeyinde özetleyen, de-
ğerlendirme yapan ve bulguları karşılaştırarak yorumlayan 
yazılardır.

Her makale, konusu ile ilgili en az iki hakeme gönderilerek 
şekil, içerik, özgün değer, uluslararası literatüre ve bilime/
teknolojiye katkı bakımından incelettirilir. Hakem görüşle-
rinde belirtilen eksikler tamamlandıktan sonra, dergide ya-
yınlanabilecek nitelikteki yazılar, son baskı formatına getirilir 
ve yazarlardan makalenin son halinin onayı alınır. Dergide 
basıldığı haliyle makale içinde bulunabilecek hataların so-
rumluluğu yazarlara aittir.

Kabul edilen makaleler, ücretsiz olarak dergi internet sayfa-
sında (online) ve basılı şekilde yayınlanmaktadır.

2. BAŞVURU FORMLARI
Makale; Kapak Sayfası, Makale Kontrol Listesi Formu, Ma-
kale Metni, Telif Hakkı Devir Formu ve Benzerlik Oran Dos-
yası olmak üzere beş ayrı formdan oluşmalıdır. Başvurular-
da iletişimde bulunulacak yazar ve diğer yazarların iletişim 
bilgileri (adres, e-posta, cep ve sabit telefon no) kapak say-
fasında verilmelidir.

3. GÖNDERİ KONTROL LİSTESİ
Başvuru sürecinde yazarlar gönderilerinin aşağıdaki listede 
bulunan tüm maddelere uygunluğunu kontrol etmelidirler, bu 
rehbere uymayan başvurular değerlendirmeye alınmaya-
caktır.
1. Gönderilecek makale daha önceden yayınlanmadı ve/

veya yayımlanmak üzere herhangi bir dergiye sunul-
madı.

2. Makale Microsoft Office Word 2010 ve üzeri bir kelime 
işlemci ile hazırlandı.

3. Makale A4 sayfasında, kenar boşlukları, üstbilgi ve alt-
bilgi boşlukları ve satır aralığı dergi formatına uygun 
olarak ayarlandı.

4. Ana başlıklar ve alt başlıklar İngilizceleriyle birlikte der-
gi formatına uygun olarak düzenlendi.

5. Tablolar dergi formatına uygun olarak hazırlandı, metin 
içerisinde bahsedildi, makalenin metin bölümüne yer-
leştirildi.

6. Şekiller dergi formatına uygun olarak hazırlandı, metin 
içerisinde bahsedildi, makalenin metin bölümüne yer-
leştirildi.

7. Eşitlik ve Reaksiyon numaralandırmaları sıralı olarak 
dergi formatına uygun olarak verildi.

8. Orijinal şekiller bütünüyle yazım kurallarına uygun ha-
zırlandı.

9. Şekil boyutları formata uygun olacak biçimde düzen-
lendi.

10. Metin içinde şekiller ardışık numaralandı.
11. Kaynaklar yazım kurallarına uygun yazıldı.
12. Kaynaklar metin içinde ardışık sıralandı.
13. Kaynaklar metin sonunda, metin içinde verildiği sırada 

listelendi.
14. Türkçe makale başlığı/Özet/Anahtar kelimeler/Bölüm 

başlıkları/Tablo ve Şekil adlandırmaları ile İngilizce 
makale başlığı/Özet/Anahtar kelimeler/Bölüm başlıkla-
rı/Tablo ve Şekil adlandırmalarının birbirleri aynı oldu-
ğu kontrol edildi.

15. "Kapak Sayfası" oluşturuldu.
16. Telif Hakkı Devir Formu imzalandı ve gönderildi.
17. Muhtemel yazım hataları kelime işlemcinin "Yazım ve 

Dilbilgisi" denetimi ile kontrol edildi.
18. "Editöre Not" alanına makalenin özgün yönü ve maka-

lenin bilime somut katkısı yazıldı.

4. TELİF HAKLARI
Makalelerin telif hakkı devri, dergi internet sayfasında sunu-
lan Telif Hakkı Devir Formu doldurulup imzalanmak suretiyle 
alınır. Form imzalandıktan sonra "ek dosyaları yükle" bölü-
münde PDF olarak yüklenmelidir. Bu formu göndermeyen 
yazarların makaleleri basılamaz.

5. GİZLİLİK BEYANI
Bu dergi sitesindeki isimler ve elektronik posta adresleri bu 
derginin belirtilen amaçları doğrultusunda kullanılacaktır ve 
diğer amaçlar veya başka bir bölüm için kullanılmayacaktır.



YAZIM KURALLARI

GENEL BİLGİ
Makale; Kapak Sayfası, Makale Kontrol Listesi Formu, Ma-
kale Metni, Telif Hakkı Devir Formu ve Benzerlik Oran Dos-
yası olmak üzere beş ayrı formdan oluşmalıdır. Başvurular-
da iletişimde bulunulacak yazar ve diğer yazarların iletişim 
bilgileri (adres, e-posta, cep ve sabit telefon no) kapak say-
fasında verilmelidir.

KAPAK SAYFASI
Başvuru esnasında yazar isimleri ayrı bir dosya olarak yük-
lenen Kapak Sayfası hazırlanmalı ve online olarak dergimi-
zin internet sayfasına ayrı bir dosya olarak yüklenmelidir. 
İlk başvuru esnasında yazarları sadece dergi editörlerimiz 
görebilecektir.

Makalenin başlığının ilk harfi büyük ve diğerleri küçük harf-
lerle sayfaya ortalı olarak yazılmalıdır. Başlık metne uygun, 
kısa ve açık olmalıdır. Başlığın altına, makalenin yazar ya da 
yazarlarının adı, soyadı, e-posta adresleri, posta adresleri, 
posta kodu ve ORCID numaraları yazılmalıdır.

İngilizce makale başlığı: Makaleyi kapsayıcı ve anlaşılır bir 
başlık kullanılmalıdır. Başlık büyük harfle başlamalı ve diğer 
tüm harfleri küçük yazı karakterinde yazılmalıdır. Başlık, ge-
rektiğinde standart kısaltmalarla birlikte en çok 15 kelimeden 
oluşmalıdır.

Türkçe makale başlığı: İngilizce makale başlığıyla uyumlu 
olmalıdır.

Yazar adları ve adres bilgileri: Yazar adlarının ve soyadla-
rının ilk harfleri büyük diğer tüm harfleri küçük olacak şekilde 
yazılmalıdır. Çalışmanın yürütülmüş olduğu yer yazar isim-
lerinden sonra gelmelidir. Yazarı ve çalışmanın yürütüldüğü 
yeri ilişkilendirebilmek amacıyla yazarın soyadından sonra 
ve çalışmanın yürütülmüş olduğu yerden önce üstsimge (1, 
2, 3 vb.) ile numaralandırılmalıdır. Sorumlu yazar, soyadın-
dan sonra " * " simgesi ile belirtilmelidir. Adres bilgileri içeri-
sinde çalışmanın yürütüldüğü yer, şehir, posta kodu ve ülke 
adı yer almalıdır. Adres bilgilerinden sonraki satıra her bir 
yazarın e-posta adresi yazar isimlerinin sırasına uygun ola-
rak verilmelidir.

Özet: Ana metne atıf yapmadan makalenin konusu anlaşılır 
bir şekilde özetlemelidir. Özet 220 kelimeyi geçmemelidir. 
Standart olmayan kısaltmalar ilk kullanıldığında tam olarak 
yazılmalıdır.

Anahtar Kelimeler: Özetten hemen sonra gelmelidir. En 
fazla 5 anahtar kelime, harf sırasıyla verilmelidir. Anahtar 
Kelimeler konuyu açıklayıcı kelimelerden seçilmelidir. Her bir 
anahtar kelime "," ile ayrılmalıdır. Anahtar kelimeler cümle 
içermemelidir

Abstract: Özette verilen metnin İngilizceye çevrilmesiyle 
oluşturulmalıdır. Ondalıklı sayılar kullanılıyorsa bu sayıların 
Türkçe Özette " , " İngilizce özette " . " olmasına dikkat edil-
melidir.

Key Words: İngilizce özetten sonra verilmelidir. Türkçe 
anahtar kelimelerle uyumlu olmalıdır. Konu ile ilgili en çok 5 
anahtar kelime alfabetik olarak yazılmalıdır.

MAKALE KONTROL LİSTESİ FORMU
Makalenin metin bölümünün dergi yazım kurallarına uy-
gunluğunun kabul edildiğini gösteren formdur. Başvurular 
yapılmadan önce Makale Kontrol Formunun doldurulması 
gerekmektedir. Kontrol formu makalenin ilk sayfası olarak 
verilmelidir. Dergi formatına uygun olmayan veya kontrol lis-
tesi doldurulmamış olan başvurulan değerlendirilmeye alın-
mayacaktır.

MAKALE METNİ
Makale Kontrol Listesi Formundan hemen sonra Makale 
Metni başlamalıdır. Makaleler aşağıda verilen detaylar göz 
önünü alınarak hazırlanmalıdır. 
- Makalenin metin bölümü Times New Roman 12 punto 

Yazı Tipi karakterinde, Microsoft Office Word 2010 ve 
üzeri bir kelime işlemci ile hazırlanması ve Microsoft 
Office Word'un Yazım ve Dilbilgisi bölümünden yazım 
hatalarının kontrol edilmesi ve düzeltilmesi gerekmek-
tedir.

- Makale tek sütun halinde mümkün olduğunca yalın 
olarak, 2,5 cm kenar boşlukları kullanılarak A4 sayfa-
sında oluşturulmalıdır.

- Makale düzenlenirken sayfa düzeninin değiştirilmeme-
si gerekmektedir.

- Satır aralıkları 1,5 olarak ayarlanmalı ve paragraflar 
arasında bir satır boşluk bırakılmalıdır. Paragraflar ön-
cesi veya sonrasında otomatik aralık bırakılmamalıdır.

- Sayfa geçişlerinde bölüm sonları eklenmemeli ve tüm 
Makale tek bir bölümden oluşmalıdır.

- Tüm başlıkların yanında İngilizce karşılıkları parantez 
içerisinde yazılmalıdır.

- Makale metni referanslar dahil araştırma makaleleri 
için 14.000 kelimeyi tarama makaleleri için ise 22.000 
kelimeyi geçmemelidir.

- Tablolar ve Şekiller Dergimizin istemiş olduğu formata 
uygun olarak hazırlanmadır.

- Makale metni, ana başlıklarla bölümlere ayrılmalı ve 
her bölüm başlığı numaralandırılmalıdır. Numaralan-
dırma işlemleri ana bölümler için 1.'den başlamalı ve 
tüm ana başlıklar (Özet, Teşekkür, Kaynaklar ve Ekler 
bölümleri hariç) için devam etmelidir. İkincil başlıklar 
ana bölüm numaralandırmasına uygun olarak 1.1., 
1.2., 1.3., ... şeklinde devam etmelidir. Üçüncü başlık-
lar ikinci başlıklara uygun olarak 1.1.1., 1.1.2., 1.1.3., 
... şeklinde devam etmelidir.



Örnek bir makale formatı aşağıda verilmiştir:

Kapak sayfası
1. Giriş (Introduction)
2. Malzemeler ve Yöntemler (Materials and Methods)
3. Sonuçlar ve Tartışma (Results and Discussion)
4. Sonuçlar (Conclusions)
5. Simgeler (Symbols)
Teşekkür (Acknowledgment)
Kaynaklar (References)
Ekler (Appendices)

1. Giriş (Introduction)
Detaylı bir literatür özeti, çalışmanın amacını ve kurulmuş 
olan hipotezi içermelidir. Kaynaklar toplu olarak ve aralıklı 
verilmemeli (örnek [1-5] veya [1, 2, 3, 5, 8]), her kaynağın ça-
lışmaya katkısı irdelenmeli ve metin içerisinde belirtilmelidir.

2. Malzemeler ve Yöntemler (Materials and Methods)
Yürütülmüş olan çalışma deneysel bir çalışma ise deney 
prosedürü/metodu anlaşılır bir şekilde açıklanmalıdır. Teorik 
bir çalışma yürütülmüşse teorik metodu detaylı bir şekilde 
verilmelidir. Yapılan çalışmada kullanılan metot daha önce 
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