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ensure sustainable gas supplies and maintain system performance. The
study aims to investigate the effect of chemical treatments with zinc

black powder, chloride (ZnCly) and sodium nitrate (NaNOs) on the composition of black
ZnCl2, powder taken from an Iraqi gas pipeline. Samples were treated with
)'\iaR'\ém' solutions at concentrations of 5, 7, and 10% for each component and

inspected using X-ray fluorescence (XRF) to evaluate their effect. The
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150044 @uotechnology.edu.ig with ZnCl, successfully reduced iron content but introduced secondary
contaminants, while NaNO; achieved a cleaner, though less intense,
effect. This suggests that chemical treatments can significantly alter the
composition of black powder and improve pipeline maintenance
strategies.
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1. Introduction

By 2050, global energy demand is expected to rise sharply, especially in industrialized regions such as Asia (1).
While renewable energy sources continue to expand, natural gas is expected to remain a major component of the
global energy mix due to its relatively low carbon emissions compared to fossil fuels (2). As reported by the
International Energy Agency (IEA), global demand for natural gas grew by about 2.5% in 2024, reaching a record
level, driven largely by the power generation and industrial sectors (3). Under this scenario, the U.S. Energy
Information Administration (E1A) expects that global natural gas consumption will increase by 11-57% from 2022
to 2050 (4). As countries shift to cleaner energy sources, natural gas is expected to remain a staple for electricity
generation, industry, and heating (2). The continued expansion of its use is essential for maintaining and
strengthening the infrastructure supporting its production, transmission, and distribution (5). Black powder buildup
is one of the recurring problems faced in natural gas pipelines. It is a fine, abrasive material that mostly contains
iron oxides and iron sulfides, but it also carries other particles such as dust and sand. The deposits are mainly the
result of internal corrosion, where the pipe wall reacts with hydrocarbons or with corrosive gases like carbon
dioxide and hydrogen sulfide. Once produced, the powder does not remain in place; it moves through the system,
raising pressure drops and wearing down components such as valves, filters, compressors, and meters. In practice,
this leads to poorer gas quality, higher maintenance costs, reduced efficiency, and in some cases safety risks as
well (6). Much of the research so far has looked at understanding what black powder is made of and how it affects
operations. Only a smaller number of studies have focused on what to do once it has already formed. Early work
emphasized its link to corrosion products, especially sulfides and oxides of iron. Others tried to address the
problem by physical removal methods like pigging and filtration. These helped to some extent, but they often
failed when dealing with very fine or magnetically neutral particles (7-9). Later, attention shifted toward the use
of chemical inhibitors to slow or prevent internal corrosion. During the late 2000s and early 2010s, amine- and
phosphate-based inhibitors were tested for this purpose (10). More recently, Al Wahedi and colleagues (2020)
suggested a broader approach that combines adsorption, moisture removal, and magnetic separation to reduce
black powder in circulating gas systems (11). In a separate study, Debouza et al. (2020) presented a practical
method for estimating black powder concentrations in pipe networks using a look-up table model, confirming the
importance of observing pollutant distribution to ensure effective maintenance (12). Taken together, previous
studies indicate that a mix of chemical, physical, and monitoring strategies can improve the handling of black
powder. However, very little work has been focused on the direct chemical treatment of black powder once it has
been collected. To address this gap, the present study examines the use of zinc chloride (ZnCl, ) and sodium
nitrate (NaNO3 ) at concentrations of 5%, 7%, and 10%, and evaluates their effects on elemental composition
through X-ray fluorescence (XRF). The intention is to offer clearer insight into how chemical treatments might
serve as a complementary tool for managing pipeline contaminants.

2. Method

2.1 Materials Used
Black powder samples were collected with the help of the Iragi Petroleum Pipelines Company. In this case, the
material was taken from the Iragi—Iranian natural gas transmission line, where deposits had built up during
operation. For the chemical tests, we worked with zinc chloride (ZnCl, ) and sodium nitrate (NaNOs ). Both
chemicals were supplied in a purity grade of about 99%. The chemicals were purchased from local suppliers as
standard laboratory reagents and used without any additional purification.

2.2 Equipment

All chemical treatments were carried out with an ultrasonic cleaner from Camel Sonic DG450-SK-2.3L that
operates at 40-100 kHz. This device ensured the uniform dispersion of black powder samples in chemical
solutions. To avoid alteration of sample composition, filtered samples were dried in a drying oven at a controlled
temperature of 40-50 °C. The Iragi German Laboratory, College of Science, Department of Geology, Iragi German
Laboratory, carried out a Spectro Xepos X-ray fluorescence (XRF) spectrometer (Ametek, Germany) for the
analysis of elements in both treated and untreated samples. The instrument uses energy-dispersive XRF technology
to determine elemental composition in solid samples precisely. Each pellet was measured twice, and the final
results are the average of those two measurements. The standard deviation was calculated to determine the error
margins, which were less than +0.5% for all major elements reported. All results are expressed as oxides (e.qg.,
Fe, Oz, SiO, , Al, O3 ), except chlorine (CI), which is reported elementally.
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2.3 Experiments

To begin treatment, 4 grams of black powder were accurately weighed and transferred into a 100 mL glass beaker.
A prepared solution of zinc chloride (ZnCl; ) or sodium nitrate (NaNO; ) at concentrations of 5%, 7%, or 10%
was then added in a volume of 40 mL to maintain a 1:10 (w/v) solid-to-liquid ratio. For the 1:20 (w/v) ratio, 80
mL of solution per 4 grams of powder was used. At the start, the suspension was stirred gently with a glass rod so
the powder would spread evenly in the solution (13, 14). The beaker was then placed in an ultrasonic bath and
sonicated for no more than 5 minutes. We kept an eye on the temperature during this step, making sure it stayed
below 50 °C, since higher values could have changed the sample’s composition. The idea behind the ultrasonic
treatment was simply to improve contact between the solution and the powder surface, so the reaction could
proceed more effectively (15). After sonication, the mixture was poured through filter paper to separate the liquid
from the solid. The residue on the filter was washed three times with 20 mL of deionized water to remove any
salts that were left behind. At this stage, the solid was collected and left to dry in air at room temperature. To
finish, it was placed in a drying oven at 40-50 °C, which ensured all moisture was removed without damaging the
material. At this point, the dried black powder was ground by hand and pressed into small, uniform pellets. Each
pellet was stored in a labeled container. These samples were then set aside for elemental analysis, where they could
be compared directly with the untreated material.

Figure 1: Initial appearance of black powder— Figure 2: Sample inside ultrasonic for particle
solution mixture before ultrasonic treatment. dispersion (5 min treatment, controlled temperature).

Figure 3: Samples undergoing the filtration process
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Table 1: Summary of Chemical Solution Preparation and Experimental Conditions

Chemical Concentration (Wt%) | Preparation Formula (per 100 mL) Tr_ea}tment_ s
(solid: solution, w/v)
. . 5% 59 ZnCl, + 95 mL distilled water . .
Zm(czgglljr)lde 7% 79 ZnCl, +93 mL distilled water i%g Ej gj gg mtg
10% 10 g ZnCl, + 90 mL distilled water ) )
5% 59 NaNO3z + 95 mL distilled water
Sodium Nitrate 7% 7 g NaNO3z + 93 mL distilled water 1:10 (4 g: 40 mL)
(NaNO3 ) 10% 10 g NaNO3; + 90 mL distilled 1:20 (4 g: 80 mL)
water

3. Results and Discussion

3.1. Composition of Untreated Black Powder
X-ray fluorescence (XRF) analysis of the untreated black powder sample collected from an Iragi—Iranian natural
gas transmission pipeline revealed a complex mixture of corrosion products and environmental particulates. The
analysis revealed that iron oxide (Fe, O3 ) was the predominant compound, making up about 59 wt% of the overall
composition. This result points to oxidized iron as the primary reason for black powder formation. A smaller but
notable amount of sulfur trioxide (SO , ~0.15 wt%) was also detected. In this case, the signal is often linked to
hydrogen sulfide (H, S) in the gas stream, which suggests that sulfide-related corrosion is present (16, 17). A very
small amount of chlorine (Cl, ~0.01 wt%) was also found. Such traces are usually tied to localized chloride
corrosion and may come from leftover salts or other small impurities in the pipeline (18). Beyond these, several
oxides appeared in noticeable amounts: silicon dioxide (SiO, , ~10.4 wt%), calcium oxide (CaO, ~6.2 wt%),
magnesium oxide (MgO, ~3.5 wt%), and aluminum oxide (Al, O3 , ~3.0 wt%). These compounds are most likely
introduced from external sources such as dust, sand, scaling products, or other contaminants, all of which add to
the abrasive and fouling behavior of black powder (19). Altogether, the identified oxides accounted for roughly
85.5 wt%. The remainder was attributed to loss of ignition (LOI), which includes bound water, carbonates, volatile
organics, and trace elements not detectable by XRF.

3.2.Impact of ZnCl, Treatment

The elemental composition of black powder samples treated with ZnCl, solutions at different concentrations (5%,
7%, and 10%) and dilution ratios (1:10 and 1:20 w/v) was assessed by X-ray fluorescence (XRF). The results are
summarized in Table 2 and Figure 4. The main oxides identified were iron oxide (Fe, Oz ), zinc oxide (ZnO),
chlorine (CI), silicon dioxide (SiO, ), aluminum oxide (Al, Oz ), calcium oxide (CaO), and magnesium oxide
(MgO). A drop in Fe, O3 was clear after treatment, going from 59.0 wt% in the untreated sample to around 40.2
wt% at the lowest point. In this case, the reduction seems to come from dissolution together with chloride
complexation. Under chloride-rich acidic conditions, Fe, O; surfaces can be protonated and form chloride
complexes such as [FeCl, ]7 , which makes the oxide more soluble and easier to leach out (20). Ultrasonic
agitation played a role as well, since it improves mass transfer and helps break up surface oxide layers (21).
Meanwhile, ZnO showed a sharp rise—from just ~0.01 wt% in the untreated sample to between 9.6 and 16.8 wt%
after treatment. This increase fits with the hydrolysis of ZnCl, in solution, forming Zn(OH), , which then
dehydrates to ZnO as the samples dry (22, 23). As expected, the higher the ZnCl, concentration, the more ZnO
was found, which supports this pathway. SiO, stayed pretty stable at 10.2-10.9 wt%, consistent with its inert
behavior under mild acidic conditions. Al, O , in contrast, rose from ~3.0 wt% to 6.1-6.4 wt%. This apparent
enrichment may be due to the loss of Fe, Os; making Al, Oz relatively higher, or possibly from the precipitation
of insoluble aluminum hydroxides. CaO decreased from 6.2 wt% to 3.6-3.9 wt%, suggesting partial dissolution.
Even so, some CaO likely persisted as stable phases such as calcium silicates or aluminates, which are less reactive
than ZnCl, (23, 25). Small declines were also seen in MgO, Na, O, and K, O. These oxides are usually more
soluble in aqueous systems, so partial leaching is expected, although some portions probably remained bound in
more stable phases (26, 27). Trace components such as MnO, P, Os , and SOz exhibited minor changes, which
may be attributed to adsorption—desorption dynamics, redox transformations (particularly for Mn), or the
precipitation and dissolution of soluble phases during wet-dry cycling and CO, exposure (28).
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Table 2: Composition of black powder samples treated with ZnCl, solutions at different concentrations.
Treatment condition

10% -1:20 7% -1:10 7% -1:20 5% -1:10 5% - 1:20

Others
60 4
m Untreated (%)
] 5%-1:10
S 40 - 5 5%—1:20
5 7%-1:10
S
g 7%—-1:20
=
8 1 10%-1:10
g 207 = 10%-1:20
]
“ II! 0 e
II| TR
0 f
Fe203 Zn0 SIOZ A1203 Ca0 MgO SO3
Oxide Content (wt%)

Figure 4: Effect of ZnCl, treatment on black powder composition.

3.3. Impact of NaNO3; Treatment

The elemental composition of black powder samples treated with varying concentrations of NaNO; solutions
(5%, 7%, and 10%) at two dilution ratios (1:10 and 1:20 w/v) was analyzed using X-ray fluorescence (XRF), as
shown in Table 3 and Figure 5. Principal oxides identified include iron oxide (Fe.QO3), sodium oxide (Na, O),
silicon dioxide (SiO; ), aluminum oxide (Al, Oz ), calcium oxide (CaO), and magnesium oxide (MgO), along
with minor components such as sulfur trioxide (SOs ), phosphorus pentoxide (P, Os ), and manganese oxide
(MnQO). When the black powder was treated with NaNO3 , the Fe, O3 content dropped from roughly 59 wt% in
the untreated sample to between 48.5 and 54 wt%. This change appears to stem from the oxidative action of nitrate
ions (NO3 ~ ). In such conditions, iron oxides can undergo partial dissolution through redox reactions, where Fe2*

is oxidized to Fe3* and soluble nitrate complexes form (29). The use of ultrasonic agitation probably amplified
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this effect by shaking loose surface layers and improving the transfer of iron-rich particles into solution (21).
Sodium oxide (Na, O) showed a clear increase, rising from about 0.40 wt% in the untreated sample to 1.3-1.8
wt% under the 10%/1:20 condition. This suggests that sodium from the treatment medium was retained, with Na*

ions attached to particle surfaces or embedding within surface films during drying. Sulfur trioxide (SO ) declined
from ~0.15 wt% to 0.09-0.12 wt%. The stronger the NaNOz concentration, the larger the drop, which supports
the idea that nitrate contributes to the oxidation of sulfur species into soluble or volatile forms during treatment.
Other oxides—including SiO, , Al, Oz , and CaO—remained largely stable, showing only minor fluctuations.
Their persistence highlights their resistance to leaching under these conditions (25, 24). Slight shifts were also
recorded in MgO, K, O, TiO; , and a few trace oxides (MnO, P, Os , BaO). By contrast, ZnO and Cl stayed
negligible (~0.01 wt%), confirming that the NaNO; treatment did not introduce zinc or chloride. Taken together,
the data show that NaNO3; mainly affects iron and sulfur species while leaving most other oxides intact.

Table 3: Composition of black powder samples treated with NaNOj solutions at different concentrations
Treatment condition

7%-1:10 7%-1:20 5%-1:10 5%-1:20
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Figure 5: Effect of NaNO; treatment on black powder composition.

3.4.Comparison of ZnCl, and NaNO5; Treatments

The results point to some clear differences between the two chemicals. Both ZnCl, and NaNO; reduced Fe; Os ,
but ZnCl, was noticeably stronger. In our case, the Fe, Oz content dropped to about 40.2 wt% with ZnCl, ,
compared with around 48.5 wt% for NaNO; . This makes sense, since chloride-rich acidic media usually have a
higher capacity to dissolve iron oxides, which explains the stronger action of ZnCl, . In ZnCl, , Fe, O; removal
is promoted through protonation and chloride complexation (20), whereas NaNO; relies mainly on oxidative
pathways (29), which are less aggressive. One major distinction between the two treatments is the formation of
secondary residues. ZnCl, treatment resulted in a substantial increase in ZnO (up to ~16.8 wt%) and in chlorine
(5-8.6 wt%), both of which originate from the salt itself. By contrast, NaNO; did not introduce Zn or ClI, but it
did lead to an increase in Na, O (1.3-1.8 wt%), indicating sodium retention from the solution. Other oxides
showed more stable behavior. SiO, and CaO levels remained largely unchanged under both treatments,
confirming their inertness in these conditions. Al, O3 , however, rose significantly in ZnCl, -treated samples but
stayed nearly constant after NaNO3; exposure. Smaller fluctuations were observed for MgO, K, O, and various
trace oxides in both cases, most likely due to surface redistribution rather than bulk chemical changes. At the end,
ZnCl, acts more aggressively, removing Fe, Oz more efficiently, but it also leaves chloride and zinc residues
behind. NaNOs; , on the other hand, works in a gentler way. Its effect is weaker, yet the residue is cleaner, with
sodium as the main byproduct.

4. Conclusion

1. Both chemical treatments were effective in reducing iron oxide (Fe203), but ZnCl2 proved to be more
effective. Fe203's concentration decreased from 59.0% to 40.2% (~32% reduction) by ZnCI2 due to
dissolution and chloride complexation, while NaNO3's reduction was slightly lower at 48.5%.

2. A trade-off exists between treatment efficacy and secondary residues. ZnCl12’s efficiency was offset by
the introduction of zinc oxide (ZnO up to 16.8%) and chlorine (Cl up to ~8.6%), whereas NaNO;
treatment, though less effective, was cleaner, introducing only sodium oxide (Na20 up to 1.8%).
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3. Inert oxides remained essentially unchanged. SiO2 and CaO were stable in both treatments. Al203
increased notably under ZnCl, treatment but remained stable with NaNO; . Other minor oxides (MgO,
K, O, TiO, , MnO, P, Os , BaO) showed only small fluctuations, consistent with their lower reactivity.

4. Implications for pipeline maintenance. This study shows that chemical treatments can reshape the
composition of black powder deposits once they have formed. ZnCl, works well when strong cleaning is
needed, though the residues it leaves behind—mainly zinc and chloride—must be managed carefully.
NaNO; , on the other hand, provides a cleaner outcome but is less forceful in removing iron oxides. In
practice, the choice between the two depends on what the operator values more: speed and strength of
cleaning, or residue control and simplicity. Further testing under real pipeline conditions will be important
to refine these methods and weigh their efficiency against environmental impact and cost.
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