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Abstract
An oil-based drilling fluid additive H-DEA (or humic acid-cocamide diethanolamine) was synthesised using humic acid and 
cocamide diethanolamine as raw materials. The rheological behaviors of H-DEA showed that the synthesised product has 
the good properties in both decreasing the filtrate loss and improving rheology property of oil-based drilling fluids compared 
with other commercially available additives. Under the optimal additive amount of 3%, both API filtrate loss and yield point 
changed remarkably from 5.40 to 0.41 mL and 9.0 to 25.6 Pa, respectively. Furthermore, differential scanning calorimetry 
(DSC) showed that H-DEA has good thermal stability in a wide temperature range up to 170 °C. Infrared spectroscopy (IR) 
and rheological analysis revealed that the possible mechanism of the multifunctional effects may be attributed to the exist-
ing of high density of strong polar groups, hydrogen bonds, electrostatic forces, and intermolecular association on H-DEA 
molecular structure. The results of the study showed that the synthesised H-DEA can be potentially used as a multifunctional 
oil-based drilling fluid additive in oil-drilling excavation.

Keywords Oil-based drilling fluid additives · Humic acid · Cocamide diethanolamine · Filtrate loss · Yield point · 
Rheology property

Introduction

Drilling fluid, also known as drilling mud, is a viscous 
fluid mixture that is the circulation medium flushing the 
wellbore in the process of oil/gas drilling, and represents 
up to one-fifth of the total cost of petroleum well drilling 
(Fan et al. 2015; Kelly 1983; Li et al. 2014; Vryzas and 
Kelessidis 2017). The complex drilling fluid is intended 
to play several functions simultaneously, e.g., to hold the 
rock cuttings in suspension and carry cuttings to the sur-
face, to transmit hydraulic energy to BHA (Bottom Hole 

Assembly), to aid in cementing operations, to minimize 
environmental impact, to lubricate and cool the drill bit, 
and also to seal permeable formations, while to maintain 
wellbore stability (Han et al. 2017; Fan et al. 2015; Kelly 
1983). In general, drilling fluids are classified in three 
main groups depending on the drilling conditions encoun-
tered, including water-based, oil-based and air/foam fluids 
(Abdo et al. 2015; Ghanbari et al. 2016; Guo and Wang 
2013). Traditionally, water-based drilling fluids (in which 
fresh-, salt-, or seawater is the continuous phase) are used 
most frequently. Air/foam drilling fluids have demon-
strated to be efficient for the drilling of low pressure, frac-
tured and matured reservoirs, as they have the capability 
to reduce formation damage, fluid loss, and differential 
sticking. However, their low density, compressibility, and 
complicated rheology associated make the implementation 
challenging in applications. In recent years, the develop-
ment of oil-based drilling fluids has increasingly attracted 
attention, especially for situations, where water-based 
drilling fluids are found ineffective, where exist compli-
cated problems such as sloughing of clays, gelation, and 
the effect of contamination from salt, gypsum, and cement 
resulting in high viscosity, gelation, and high filtrate loss 
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(Fan et al. 2015; Hermoso et al. 2014; Ma et al. 2012; 
Shivhare and Kuru 2014).

In general, oil-based drilling fluids are invert emulsions 
of brine into an oil major, continuous phase stabilized by 
surfactants. In this type of drilling fluids, other additives 
are normally added to improve the rheological properties 
of drilling fluids. For example, by adding some additives 
such as nanoparticles, organo-palygorskite, and organo-
sepiolite, the behaviour of the oil-based drilling fluid can 
be adjusted to a desired level (Aftab et al. 2017; Zhuang 
et al. 2017, 2018; Hermoso et al. 2014), and the addition 
of fluid-loss additives showed improvement of fluid-loss 
properties (Amanullah et al. 2016; Fan et al. 2015; Fink 
2012), while the thermal stability was enhanced by intro-
ducing modifiers from reactions of etheramine and poly-
functional isocyanate (Dino et al. 2011). However, most 
of the currently used additives in oil-based drilling fluids 
are designed for improving a specifically targeted property, 
where multiple additives are usually required if more prop-
erties are to be addressed simultaneously (Khodja et al. 
2010; Wang et al. 2011). Moreover, there are some short-
comings in traditional polymer fluid-loss additives, such as 
serious environmental pollution, difficult biodegradation, 
and great difficulty in post-treatment.

The aim of the present paper is to develop a multifunc-
tional oil-based drilling fluid additive which can improve 
both fluid-loss control and rheological properties of oil-
based drilling fluids. Using natural products humic acid 
and cocamide diethanolamine as raw materials (being also 
natural and biodegradable), a new type of multifunctional 
oil-based drilling fluid additive, namely, H-DEA, was syn-
thesised through Scheme 1.

The synthesised product was characterised with infra-
red spectroscopy (IR) and differential scanning calorim-
etry (DSC). With the addition of the additive in oil-based 
drilling fluid formulation, its properties were examined 
including rheology and performance, in comparison with 
three commercially available additives. The mechanism of 
multifunctional effects of the synthesised additive was also 
investigated.

Materials and methods

Materials

Humic acid (HA, ≥ 70%) was purchased from Yangling 
Ludu Biological Technology Co., Ltd. Cocamide diethanola-
mine (DEA, > 99%), a diethanolamide, viscous emulsifying 
agent, made by reacting the mixture of fatty acids from coco-
nut oils with diethanolamine, was obtained from Guangzhou 
Jinlai Chemicals Co., Ltd. Hydrochloric acid, sulfuric acid, 
and ethanol were obtained from Alfa Aesar Chemical Rea-
gent (Tianjin, China). Barite, having a specific gravity of 
4.2, was purchased from Shijiazhuang Xinhui minerals Co., 
Ltd. It is well known that barite is a dense mineral compris-
ing barium sulfate  [BaSO4], commonly used as a weighting 
agent for all the types of drilling fluids. Drilling fluid addi-
tives J-LQ and GHYJ were purchased from Shaanxi Active 
Sunrise Petrochemical Co., Ltd (Xi’an, China) and BAX-100 
from Baroid (Houston, USA). All chemicals and reagents 
were used as received except for HA.

Roller Oven (XGRL-4, Qingdao Xin Rui De Petroleum 
Instrument Co., Ltd.) with a working temperature range of 
50–250 °C was used for determining the stability of the 
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drilling fluid additive. A Nicolet FTIR 5700 spectrometer 
(Thermo Fisher Scientific) was used for spectroscopic anal-
ysis of H-DEA. Differential Scanning Calorimetry (DSC 
7020, Hitachi), a Huck RV30 rotational viscometer, an 
electrical stability voltage meter (DWY-2A, Qingdao Heng 
Tai Electromechanical Equipment Co., Ltd.), an API Filter 
Press (ZNS-5A, Qingdao Senxin Group Co., Ltd.), and a 
high-temperature high-pressure (HTHP) filtration test sys-
tem (GGS71-A, Qingdao Tongchun Petroleum Instrument 
Co., Ltd.) were used to characterize the properties of the 
drilling fluid with additives.

HA purification

Crude HA was purified according to the published procedure 
with minor modification (Zhang et al. 2013). Samples of 
crude HA were filtered through an 80-mesh sieve to remove 
particulate impurities. HA was then added into 5 wt% KOH 
aqueous solution under stirring, followed by 20 min mechan-
ical stirring and then 24 h settling down. The supernatant 
was collected and its pH was adjusted by slowly adding HCl 
solution (6 M) under stirring to reach pH 4.5. The above 
experimental conditions were selected through optimization 
by orthogonal experimental design. Following filtration with 
a Buchner funnel, the excessive hydrochloric acid and potas-
sium chloride were removed by washing with distilled water. 
The purified HA with 98.7% purity was finally dried in an 
oven then stored for synthesis.

Synthesis of multifunctional oil‑based drilling fluid 
additives

Based on orthogonal experimental design for selecting 
reaction conditions, 90 g HA and 20 g DEA were added to 
40 mL dimethylbenzene in a 250 mL flask. After the mixture 
was stirred and dissolved completely, 3 mL concentrated sul-
furic acid was added as a catalyst, which is well established 
to speed up the reaction and acts as a dehydrating agent. 
The mixture in the flask equipped with a reflux system was 
heated in a water bath at 90 °C (which was above water/
toluene azeotrope boiling point of 85 °C). The reaction con-
tinued for 3–5 h until no water was produced. The product 
was then washed with 95% ethanol for three times, and then 
dried in an oven at 50 °C for 24 h. Finally, the product was 
mechanically pulverized to black powder, affording the oil-
based drilling fluid additive, H-DEA.

Formulation of drilling fluid

The oil-based drilling fluid used in this study was supplied 
by Sulige Gasfield, which was a well-developed formulation 
and has been used in the Gasfield for a substantial period 
of time. A typical drilling fluid sample was formulated by 

mixing 280 mL White Oil 5 (diesel oil), 120 mL  CaCl2 aque-
ous solution (14 wt%), 3% organic clay, 3% primary emulsi-
fier (FB-MOEMUL, a non-ionic emulsifier), 3% auxiliary 
emulsifier (PFMOCOAT, a surfactant with grafted long 
alkyl chains), 1% wetting agent (JGR-1), and 2% Ca(OH)2. 
The addition of the additive of H-DEA (or one of J-LQ, 
GHYJ and BAX-100) was controlled in a range of 0–4 wt%. 
The density of the drilling fluid formulated was determined 
to be 9.58 ppg.

Characterization

The product H-DEA was prepared with KBr to get the sam-
ples (Jain and Mahto 2015), and the infrared spectra were 
carried out on a Nicolet FTIR 5700 spectrometer (Thermo 
Fisher Scientific). The spectra were recorded in the range of 
4000–400 cm−1 with a resolution of 4%. The thermal analy-
sis was carried out under nitrogen atmosphere with a heating 
rate of 10°C/min using Differential Scanning Calorimetry 
(DSC 7020, Hitachi).

Performance of drilling fluid evaluation

The performance of drilling fluid was measured according 
to American Petroleum Institute (API) specifications. The 
API filtrate loss of the drilling fluid was determined with 
an API Filter Press (ZNS-5A, Qingdao Senxin Group Co., 
Ltd.), and high-temperature high-pressure (HTHP) filtrate 
loss was determined with an HTHP filtration test system 
(GGS71-A, Qingdao Tongchun Petroleum Instrument Co., 
Ltd.) under 507.5 psi and drilling fluid density 9.38 ppg. 
The rheological parameters, including apparent viscosity, the 
plastic viscosity, and yield point, were determined through 
measurements of the viscosities using a Huck RV30 rota-
tional viscometer. The electrical stability was determined 
with an electrical stability meter (DWY-2A, Qingdao Heng 
Tai Electromechanical Equipment Co., Ltd.).

Results and discussion

Infrared spectroscopy characterization

The IR spectra of H-DEA are shown in Fig. 1. As shown 
in Fig. 1b, the band at 3364 cm−1 can be ascribed to the 
absorption peak of phenolic hydroxyl and alcoholic hydroxyl 
–OH-stretching vibration. The absorption peak at 1601 cm−1 
can be assigned to the frame vibration of benzene ring, 
while 1456 cm−1 is due to –O=CO– asymmetric stretching 
vibration peak in carboxylic acid ions (Meng et al. 2004). 
Compared to the spectrum of raw material HA (Fig. 1a), it 
is seen that the peak intensity at 2925 cm−1 is enhanced, 
where an additional peak of 2854 cm−1 emerges, which is 
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likely due to the formation of hydrogen bonds among  H2O, 
phenolic hydroxyl, and alcoholic hydroxyl resulting in the 
absorption peak shift to a lower frequency. The formation 
of hydrogen bonds is not only conducive to the formation 
of hydration layer on the clay surface, but also able to have 
bridging effects between molecules and enhance the filtrate 
loss performance of the drilling fluid.

The absorption bands at 1731  cm−1 and 1118  cm−1 
(Fig. 1b) due to –C=O– and –CO– stretching vibrations, 
respectively, suggest the synthetic product to be ester. The 
bands at 1650 cm−1 and 1181–1286 cm−1 are associated with 
the stretching vibration peaks of amide bond –N–CO– and 
ether bond –O–, respectively. The introduction of these polar 
groups is a significant enhancement in the polarity of the 
produced molecules, which is further conducive to the for-
mation of intermolecular hydrogen bonds and the genera-
tion of electrostatic forces, thus making the produced mol-
ecules more reticulate in the drilling fluid. There are also 
several bands observed around 1350 cm−1 to 1150 cm−1, 
and at 720 cm−1 in the product spectrum (Fig. 1b), that are 
likely associated with the twist, swing, and bending vibra-
tion peaks of –CH2– due to a number of (> 4) connected 
methylene groups after DEA was grafted onto the HA mol-
ecule. Due to the introduction of long chain alkyl, the hydro-
phobicity (or oil solubility) of the product H-DEA can be 
effectively increased.

Thermal stability of H‑DEA

The thermal stability of H-DEA was characterised by DSC 
with 10 mg of sample heated from 25 to 200 °C at a rate of 
20°C/min in a nitrogen atmosphere at a flow rate of 30 mL/
min (Ibrahim et al. 2010). The DSC profile of H-DEA is 
shown in Fig. 2.

As can be seen from the figure, there is a small endother-
mic peak at about 60 °C which indicates that H-DEA melt at 
this temperature. With increasing temperature, a significant 
endothermic peak appears at 170 °C which is believed to be 
the result of the decomposition of the sample. These results 
demonstrate a high thermal stability of the product in a wide 
temperature range up to 170 °C (Mueller 1992; Zhou et al. 
2015). This finding provides important information for the 
design and operation of drilling process, and also for the 
formulation of drilling fluids under given drilling conditions.

Characterisation of H‑DEA performance

In general, varying concentration of fluid additives can affect 
both rheological property (e.g., viscosity) and performance 
(e.g., filtrate loss) of drilling fluids, and it is usually added 
in a range of 1–3 wt% (Li et al. 2014a; Wang 2015). Table 1 
presents the effect of additive amount added to the drilling 
fluid on its property and performance.

As can be seen from the results, the addition of H-DEA 
insignificantly increases the viscosity of drilling fluid, with 
increase in the addition of H-DEA from 0 to 4.0%, there is a 
slight decrease in apparent viscosity from 46.0 to 40.9 cps, 
while no significant change in plastic viscosity. The mecha-
nism may be more complicated and it remains to be further 
studied. At the same time, however, the performance of drill-
ing fluid shows remarkable changes in terms of yield point, 
filtrate loss, and electrical stability. By increasing H-DEA 
addition from 0 to 3.0%, both API and HTHP filtrate loss (as 
key measures of performance) decrease, remarkably from 
5.40 to 0.41 mL, and from 8.63 to 5.61 mL, respectively, 
showing significant improvement in fluid-loss control. Simi-
lar improvement is also observed for yield point and electri-
cal stability that increase from 9.0 to 25.6 Pa and from 731 
to 987 V, respectively. The increase in both yield point and 
electrical stability voltage clearly demonstrates the improve-
ment in drilling fluid performance, in terms of capability 

Fig. 1  Infrared spectra of a starting material of humic acid (HA) and 
b product H-DEA

Fig. 2  DSC profile of H-DEA
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for sand carrying and electrical stability. Although a higher 
yield value requires a higher pump pressure for operation, 
the level of higher yields examined in this study is within 
the operational range that has been used in the field applica-
tion. The electrical stability voltage reflects the stability of 
the emulsion; the greater the voltage, the better stability of 
the emulsion. The results of electrical stability voltage in 
Table 1 shows that the drilling fluid has a good stability, 
and its stability increases with the increase of the amount 
of H-DEA.

However, when continuing to increase the concentration 
of H-DEA from 3.0 to 4.0%, the changes of the two vari-
ables are no longer significant, which only decrease from 
0.41 to 0.36 mL, and from 5.61 to 5.38 mL, respectively. 
Considering the cost factor, the selection of 3.0% concentra-
tion is believed to be able to meet the requirements of the 
field application.

Currently, studies on drilling fluid additives are gener-
ally focused on using specific additives for a single tar-
geted property, e.g., either fluid-loss control or rheological 
property (Dino et al. 2011; Growcock and Harvey 2005; 
Hermoso et al. 2014; Khodja et al. 2010; Ma et al. 2014). 
The results obtained in this study (Table 1) indicate that, by 
increasing the addition of H-DEA additive, it can improve 
multi-property of fluid-loss control, yield point and electri-
cal stability simultaneously, demonstrating multifunction of 
the synthesised H-DEA additive. The possible mechanism 
of this multifunction is discussed further in a later section.

To assess the impact of temperature on performance of 
the drilling fluid with additive H-DEA, high-temperature 
aging of the fluid was conducted with hot-rolling test. The 
fluid sample with 3% H-DEA added was hot-rolled for 16 h 
at three temperature levels of 150, 160, and 170 °C, and the 
test results are summarised in Table 2.

The results show that, with increasing temperature, after 
rolling the apparent viscosity decreases slightly (from 39.5 
to 37.2 cps), while the plastic viscosity increases from 28.5 
to 33.3 cps. At the same time, the increase in temperature 
results in reductions in yield point from 23.0 to 19.5 Pa. 
It is interesting to observe that an increase in API filtrate 
loss from 0.4 to 0.8 mL occurs only when the temperature 
reaches 170 °C, while HTHP filtrate loss increases gradually 
from 4.6 to 5.4 mL, as the temperature rises, indicating that 
the stability of drilling fluid will not be significantly affected. 
Although there is a clear reduction in electrical stability volt-
age (from 845 to 795 and then 842 V) at temperatures 150, 
160, and 170 °C, the overall level is still higher than con-
ventional ones (Hermoso et al. 2014; Khodja et al. 2010; Ma 
et al. 2014). It suggests that the overall performance is stable 
when temperature is below 170 °C, while slight variations 
occur when the temperature reaches 170 °C.

As weighting materials such as barite and hematite with 
a high specific gravity are often used to increase densities of 
drilling fluids, the change in drilling fluid density can subse-
quently affect its performance. Therefore, the effects of vary-
ing density on filtration loss and yield point were examined 

Table 1  Effects of the amount 
of H-DEA addition on 
drilling fluid’s properties and 
performance

Additive 
amount 
(wt%)

Apparent 
viscosity 
(cps)

Plastic 
viscosity 
(cps)

Yield point (Pa) API filtrate 
loss (mL)

HTHP 
filtrate loss 
(mL)

Electrical 
stability voltage 
(V)

0 46.0 31.2 9.0 5.40 8.63 731
1.0 46.5 31.4 21.5 1.58 6.78 856
2.0 43.8 31.4 24.8 1.22 6.42 902
3.0 42.1 32.1 25.6 0.41 5.61 987
3.5 41.5 31.5 26.3 0.38 5.45 1012
4.0 40.9 31.2 26.7 0.36 5.38 1054

Table 2  Effects of hot-rolling temperature on the performance of drilling fluid

Hot-rolling temperature (°C) Apparent viscos-
ity (cps)

Plastic viscosity 
(cps)

Yield point (Pa) API filtrate loss 
(mL)

HTHP filtrate 
loss (mL)

Electrical 
stability voltage 
(V)

150 Before rolling 42.1 31.5 25.6 0.2 4.2 987
After rolling 39.5 28.5 23.0 0.4 4.6 845

160 Before rolling 40.5 30.2 25.6 0.2 4.6 967
After rolling 38.0 32.0 21.4 0.4 5.0 795

170 Before rolling 41.0 30.1 25.6 0.2 4.8 967
After rolling 37.2 33.3 19.5 0.8 5.4 842



 Environmental Earth Sciences (2018) 77:793

1 3

793 Page 6 of 8

for drilling fluids H-DEA additive, where barite was used as a 
weighting agent. The results are illustrated in Fig. 3.

As shown in Fig. 3, both API and HTHP filtrate losses 
increase approximately in linear with the increase in drilling 
fluid density. At the same time, the yield point drops linearly 
with increasing drilling fluid density. The results again dem-
onstrate the simultaneous effects on both performance (i.e., 
fluid-loss control) and rheological property (i.e., yield point). 
The results also suggest that the drilling fluid with fluid-loss 
additive H-DEA works preferably with a lower density range 
(about 8.33 ppg) in terms of filtrate loss and yield point.

Comparison of H‑DEA with other fluid‑loss control 
additives

To further evaluate the performance of synthesised H-DEA, 
it was compared with three commercially available fluid-loss 
control additives in terms of yield point, API and HTHP 
filtrate losses under identical experimental conditions with 
the addition of 3% of each additive. Three fluid-loss control 
additives used are asphaltic drilling fluid additives J-LQ and 
GHYJ, and BAX-100. The test results are depicted in Fig. 4.

As can be seen from Fig. 4, API filtrate loss of the drill-
ing fluid with additive H-DEA is notably lower than that 
with additives J-LQ or GHYJ, while comparable to that 
with BAX-100. Similarly, yield point of drilling fluid with 
H-DEA is significantly higher than that with other additives. 
The results clearly demonstrate the advantages of the synthe-
sised additive H-DEA over other products in terms of API 
and HTHP filtrate losses, as well as the yield point.

Mechanism of multifunctional effects of oil‑based 
drilling fluid additive H‑DEA

Experimental results obtained in this study demonstrate 
multifunction effects of the synthesised oil-based drilling 

fluid additive H-DEA on both fluid-loss control and rhe-
ological property (i.e., carrying capacity). This may be 
attributed to the unique chemical structure of H-DEA, 
and a possible mechanism for the interaction of H-DEA is 
described in Fig. 5.

As illustrated in Fig. 5, the chemical process of esteri-
fication allows a molecule of cocamide diethanolamine 
(DEA) to link two humic acid (HA) molecules. As a result, 
the synthesised much larger H-DEA molecule includes 
a long alkyl chain (of DEA) which is lipophilic, where 
the HA molecule is hydrophilic. It also forms more polar 
groups including the active groups of –NH2, –C=O, 
–COOH, –RCONR2, and –COOR.

Upon the addition of H-DEA to drilling fluid, the hydro-
philic polar groups of H-DEA can attach to the surface of 
clay particles with hydrogen bond and form a hydration 
layer which surrounds the particle. It is believed that the 
hydration layer can prevent particles from aggregation, 
and also prevent water of the drilling fluid from passing 
through the filter/mud cake by blocking its microporous 
structure (Bergaya and Lagaly 2013). In addition, during 
spurt loss (i.e., an instantaneous volume of water passing 
through a filter medium prior to deposition of a compe-
tent and controlling filter cake), the additive microparticles 
from the drilling fluid can form bridges across fluid paths. 
Furthermore, the emulsified fine droplets on the surface 
layer of filter/mud cake can prevent the oil from filtration 
(de Figueiredo et al. 2014).

In addition, the N and O atoms in the polar groups can 
form hydrogen bonds with the H atoms on other polar 
groups, while the ionization of –NH2 and –COOH in the 
same molecule can generate electrostatic forces. These 
hydrogen bonds and electrostatic forces may enhance inter-
actions between molecules and consequently create network 
structures with large specific surface area. Furthermore, the 
long alkyl chains are likely to also form three-dimensional 
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network structures through hydrophobic association between 
chains.

Based on the structural analysis and performance evalu-
ation, the combination effects of H-DEA addition help 
improve the rheological property (i.e., carrying capacity) 
of the drilling fluid, while have no significant risk of phase 
separation in mud or gel strength decrease. Moreover, the 
improvement of rheological property through intermolecu-
lar hydrogen bonds and electrostatic forces has not shown 
significant effects on fluid viscosity. These observation are 
in line with that from other researchers (Bose et al. 2014; 
Cadix et al. 2015; Watson et al. 2012). Nevertheless, further 
studies are required in or to fully understand the mechanism 
of H-DEA effect on drilling fluid performance.

Conclusions

An oil-based drilling fluid additive H-DEA was synthesised 
using humic acid and cocamide diethanolamine as raw mate-
rials. The optimal synthesis conditions are that the ratio of 
humic acid and cocamide diethanolamide is 9:2, reaction 
temperature is 90 °C, dimethylbenzene is for reaction sol-
vent, and sulfuric acid is used as a catalyst. The addition of 
additive H-DEA in oil-based drilling fluids demonstrated 

multifunction in improving both fluid-loss control and rhe-
ological property (i.e., carrying capacity). Studies on the 
possible mechanism of the multifunctional effects suggested 
that the multifunction may be attributed to the existing of 
high density of strong polar groups, hydrogen bonds, elec-
trostatic forces, and intermolecular association on H-DEA 
molecular structure. Compared to other commercially avail-
able additives, the synthesised product showed advantages 
in terms of filtrate loss, rheological properties, and thermal 
stability. The research result has a certain instruction to the 
development of high efficiency and multifunctional drilling 
fluids.
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