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Abstract

Dust is often generated from the dry surfaces of unpaved forest roads as a result of vehicular 
traffic. Dust particles can negatively affect vegetative growth, water quality and road traffic 
quality. In this study, some environmental friendly anti-dust agents including sugar cane 
molasses, polyacrylamide (PAM) and bentonite were used to control dust emission from the 
road surface under three different concentrations within the 3, 9, 27 and 81 day timeframe. 
Rear-mounted spray system and dustometer devices were used for implementation of treat-
ments and dust emission recording, respectively. Leaf samples were collected from trees adja-
cent to road to measure the dust deposited on the leaves by centrifuging dust solution. The 
results showed that molasses achieved higher efficiencies in term of dust reduction and cost 
effectiveness than those of PAM and bentonite in Loveh forest, where high levels of fines are 
present in the road surface materials. 2% and 4% PAM were the most efficient dosages in 
terms of dust control and cost effectiveness in Shastkalateh and Kouhmian forests, respec-
tively. It was detected that in all sites most of the dust emitted from the road surface was de-
posited on the leaves of Carpinus betulus L. and Alnus subcordata L., while smooth surface 
of the leaves retained lower amount of dust in Parrotia persica CAM. It is concluded that the 
amount of fine aggregates in surfacing materials, type and dosage of anti-dust agent play an 
important role in the effectiveness and longevity of treatment.
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1. Introduction
An unpaved forest road in the standard state con-

sists of 40–80% gravel, 20–60% sand and 8–15% fine 
particles such as silt and clay (Gotosa et al. 2015). The 
major problem of these roads, especially in summer, 
is the generation of dust due to vehicle traffic. Dust 
particles with diameter less than 150 μm, generated in 
the form of a cloud behind the vehicles, cause distur-
bance to tourists (Addo and Sanders 1995), reducing 
the vision distance of drivers, thus reducing road 
safety. Suspended dust and particles on vehicles can 
increase fuel cost, travel time and vehicle depreciation 
(Jones 1999). Other negative effects of dust include 
damage to human health, plants growth decline due 
to disturbance in the gas exchange and photosynthesis 
(Manoochehri et al. 2016), water and aquatic habitats 

pollution, pavement destruction (Forman and Alexander 
1998) and increased cost of road repairing and main-
tenance (Gulia et al. 2019). The amount of dust genera­
tion is dependent on various factors such as traffic 
intensity, vehicle weight, vehicle speed (Kuhns et al. 
2001, Gillies et al. 2005), the density of surfacing layer 
(Jones 2000), percentage of fine particles (Smaller than 
75 μm) insurfacing materials and moisture of materi-
als (Edvardsson 2010). Observations have shown that 
the dust emission occurs at a threshold speed of about 
25–35 km/h (Jones 1984, Monlux and Mitchell 2007, 
Powers 2007).

Anti-dust agents agglomerate fine particles, adhere 
surface particles together and increase road surface 
density (Bergeson and Brocka 1996). When the road is 
treated with these agents, fine particles resist to being 
driven by vehicle traffic or by wind in the air (Jacobson 
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1992, Sanders et al. 1997). Generally, anti-dust agents 
cannot act effectively on the roads that contain more 
than 30% and less than 5% of fine particles in their 
surfacing materials (Bolander and Yamada 1999). In 
addition, these treatments in sandy soils have a small 
efficiency due to little plasticity (Kirchner and Gall 
1991). Some anti-dust agents such as petroleum prod-
ucts, lignosulfonates and chlorides can reduce dust 
emission by up to 90% (Monlux and Mitchell 2007). 
However, these treatments are not appropriate for 
dust control in forest roads due to the environmental 
considerations (Bennett 1994, Bolander and Yamada 
1999). In the case of forest roads, it is necessary to use 
cost-effective and environmentally friendly agents 
(Bolander and Yamada 1999). Sugar cane molasses is 
a thick and dark brown juice that is extracted from the 
sugarcane stem. It acts as a binder of fine particles on 
road surface and in this way prevents dust emission 
(Gotosa et al. 2015). The use of acrylic-based polymer 
mulch is also expanding because of its environmental 
friendliness and safety. Polyacrylamides are odorless, 
colorless and non-polluting in surface and under-
ground waters, plant tissues and soil (Manafi et al. 
2016, Wang et al. 2019). Bentonites are swelling clay in 
the presence of moisture, and they have a high level 
of inflation, good adhesion and moisture absorbing 
capacity (Murray 2000, Pusch 2015). Bentonite is used 
to control dust through electrostatic bonding and ag-
glomeration (Bergeson and Brocka 1996). In literature 
review, Bergeson and Brocka (1996), Omane et al. 
(2018), Gotosa et al. (2015) and Ding et al. (2019) used 
bentonite, polymer and molasses for road dust emis-
sion control.

One of the reasons for dust generation in some for-
est roads are the climatic and geological features of the 
region. Especially in the east of the Hyrcanian zone, 
the presence of wind sediments in the form of silt, clay 
and sand particles cause massive dust as a result of 
rapid destruction of the forest road. This issue has led 
to a high annual cost for the renewal of materials and 
restoration of forest roads. However, the anti-dust 
agents have been shown to contribute to the coherence 
of road surfacing materials, which can delay materials 
renewal and maintenance operations (Morgan et al. 
2005). Despite the fact that anti-dust treatments have 
been used for decades, few studies have been carried 
out in Iran regarding their performance evaluation. 
Most studies have focused on the effects of chemicals 
on improvement of road strength (Monlux 2003). Al-
though the relationship between road surface compac-
tion and dust emission has been fully acknowledged, 
few researchers have specifically reported on the rate 
of dust reduction due to the application of various 

anti-dust treatments as well as dust retention capacity 
of forest tree species. Trees play an increasingly im-
portant role in the improvement of the forest atmo-
spheric environment (Liu et al. 2013).

1.1 Research Objectives
The objectives of this research were to:
⇒ �investigate the effect of the different dosages of 

sugar cane molasses, polyacrylamide and ben-
tonite treatments on reduction of dust emission 
from gravel forest roads in Hyrcanian region 
within the 3, 9, 27 and 81 day timeframe

⇒ �determine the appropriate treatment and opti-
mum dosage in each site with considerations of 
dust reduction efficiency and cost per kilometer

⇒ �determine the dust retention capacities of Carpinus 
betulus L., Alnus subcordata L. and Parrotia persica 
CAM under different anti-dust agent concentra-
tions.

2. Material and Methods

2.1 Study Area and Sampling Plan
This study was carried out on three sites distrib-

uted in the forests of Golestan province, north of Iran. 
First, parts of the main forest roads in the Loveh 
(55°41’00” to 55°46’00” E and 37°19’00” to 37°20’00” 
N), Kouhmian (55°10’30” to 55°14’49” E and 37°00’00” 
to 37°56’15” N) and Shastkalateh (54°21’26” to 
54°24’57” E from 36°48’06” to 36°43’27” N) with seri-
ous problems in terms of dust production were se-
lected (Fig. 1). The surfacing type and thickness of 
roads was recorded by digging trenches at the begin-
ning, middle and end of each segment. Samples with 
a weight of 15 kg were collected from each trench and 
then transferred to the Soil Mechanics Laboratory, 
where the granulation analysis was carried out accord-
ing to ASTM-D422 (2007). Road superstructure types 
in Kouhmian, Shastkalateh and Loveh are river-mine, 
river and mine aggregates, respectively. Each site road 
cross section was the same. The width and transverse 
slope of the selected road segments in all sites were 
5.5–6 m and 3–5%, respectively. The mean traffic in the 
studied roads was 25 vehicle passes per day. Two axle 
vehicles with height equal to or less than 2.2 m used 
these roads. In each site, a 960-meter of main forest 
road in the northern direction and on alignment was 
selected and various treatments of sugar cane molas-
ses, polyacrylamide and bentonite were carried out at 
a distance of 320 m with an interval of 20 m among 
treatments (Gotosa et al. 2015). The characteristics of 
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the study area and different treated road segments 
with anti-dust agents are described in Table 1. The 
study design was a completely randomized block. 

Each treatment was repeated three times in the study 
area as three blocks and three replications in each 
block (Fig. 2).

Fig. 1 Position of road segments in study sites for implementation of treatments

Table 1 Characteristics of road segments containing treatments of molasses, bentonite and PAM

Study
area Treatment

Road
slope

%

Elevation at
sea level

m

Material
moisture

%

Surfacing
thickness

cm

Pavement fine
aggregates

%

Material
class

%

Annual
temperature

°C

Annual
rainfall
mm/h

Forest
soil

Canopy
cover

%

Road
age
year

Climate

Loveh

Molasses 4 300–400 5 15 11 GP 12.20 524

Brown-ML

60

2007 MoistPAM 5 300–400 4 16 14 GP 12.20 524 65

Bentonite 6 300–400 5 14 12 GP 12.20 524 60

Kouhmian

Molasses 5 320–420 6 15 9 GP 16.83 700

Brown-ML

65

1993
Moderate
moist to

mid moist
PAM 4 320–420 6 15 6 GP 16.83 700 60

Bentonite 5 320–420 5 16 7 GP 16.83 700 60

Shastkalateh

Molasses 4 250–350 6 15 5 GW 18.00 562

Brown-ML

55

1971 Moderate
moistPAM 5 250–350 5 16 4 GW 18.00 562 65

Bentonite 7 250–350 6 16 5 GW 18.00 562 60
GW – well-graded gravel; GP – poorly graded gravel; ML – marl soil with low plasticity
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2.2 Implementation of Treatments
In this study, anti-dust treatments were prepared 

in different concentrations (Fig. 2) and then applied 
using a rear-mounted spray system equipped with a 
100 liter capacity tank and a motor-pump (Fig. 3a). The 
proportion of the volume of anti-dust agents to the 
amount of water that dissolves were 5%, 10% and 20% 
for the sugar cane molasses (Brown and Elton 1994, 
Gotosa et al. 2015) and 2%, 4% and 6% for polyacryl-
amide (Sadeghi et al. 2016, Kristian Aase et al. 1998, 
McLaughlin et al. 2014). The ratio of the weight of ben-
tonite to the weight of the materials added to it was 
1%, 2% and 3% (Edwards et al. 2016). The treatment 
rates were 2–2.5 liter per square meter (Addo et al. 
2004). Each concentration was carried out on a road 
segment with a length of 60 meters at 20 meter inter-
vals. Field observations showed that a space of 20 me-
ters was enough to prevent intermingling of treat-
ments. Traffic was restricted for 24 hours to allow the 
solution to penetrate into the road. There was no har-
vesting or skidding in the field during the work. 
Chemical composition of anti-dust agents used in this 
study is shown in Table 2.

2.3 Measuring of Dust Emitted from Road Trails
Dustometer was used to determine the dust con-

centration in the air (Fig. 3b). This device was attached 
behind a vehicle to collect dust samples within the 3, 
9, 27 and 81 day timeframe (from 28 May to 17 August 
2019). This timeframe was determined according to 

dry season extracted from Ombrothermic diagram of 
the study sites. The dustometer used in the current 
study is a mobile sampler that measures a quantity of 
how much dust is emitted from a road trail to the air 
(g/m3), when a vehicle moves at a speed of 40 km/h 
(Sanders and Addo 2000, Addo et al. 2004). The dus-
tometer includes a fiberglass box to hold a 20×20 cm 
glass wool fitted to the rear bumper, an electric engine, 
a high volume collector pump, a flexible plastic tube, 
one meter metal boom,head and filter box. The filter 
box has an input of 25×25 cm and it is covered by a 
filter with 450 μm apertures. This filter score (450 μm) 
prevents the entry of non-volatile particles into the 
filter box. In dust sampling, first, the empty filter was 
weighted and then the collector boom was drawn to 
the rear of a Land Rover (1900 kg) at the elevation of 
40 cm from the road surface. The collector was turned 
on when Land Rover began to move (Jones 1984) and 
after the 60 meters it was turned off and the filter was 
removed for weighing. The difference between the 
final and initial weight of the filter wass the weight of 
the dust in each sampling. The determination of dust 
concentration was done according to protocols devel-
oped at the Colorado State University (Addo and 
Sanders 1995). This procedure was repeated 5 times 
for each treatment. Thus a total of 720 samples were 
taken.

Fig. 2 Sample plots in completely randomized block design

Table 2 Chemical composition of anti-dust agents used in current 
study

Sugar cane molasses
Chemicals of PAM

Chemicals of bentonite

Chemicals % Chemicals %

Non-fermentable
sugar 4.50 MgO 4.22

Fermentable
sugar 51.50 Al2O3 11.75

Reducing
sugar 24.90 SiO2 63.13

Nitrogen 0.42 P2O5 0.07

Protein 3.00 SO3 0.15

CaO 1.58 Cl 1.41

SO4 0.35 MnO 0.09

P2O5 0.30 Na 0.91

MgO 0.36 Na2O 1.99

K2O 3.00 TiO2 0.37

Ash 10.09 K2O 1.21

– – CaO 2.13

– – Fe2O3 3.35
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2.4 Measuring Dust-Retaining Capability of 
Adjacent Trees

Carpinus betulus L., Parrotia persica CAM and Alnus 
subcordata L. were the frequent species at the edge of 
the studied forest roads. 10 trees from each species 
with independent crown were randomly selected for 
leaf sampling. 150 leaf samples were randomly col-
lected from different heights of crown in road direc-
tion. Sampling was carried out before the implementa-
tion of anti-dust treatment on 28 May and after the 81 
day timeframe on 17 August 2019. The samples of 
leaves were transferred to the lab packed in paper 
bags. The leaves were completely washed in distilled 
water. Approximately 50 cc dust solutions were cen-
trifuged for 5 minutes at a speed of 5000 rpm to sepa-

rate the dust from distilled water (Fig. 4). The dust 
particles of the solution were dried for 2 hours at 100°C 
and weighed with a digital scale at a precision of 0.001 g. 
The mean leaf area for each species was measured 
through scanning leaves and processing in Image J 
software (Fig. 5). Image J is a Java-based image process-
ing program developed at the National Institutes of 
Health and the Laboratory for Optical and Computa-
tional Instrumentation (LOCI, University of Wisconsin). 

Fig. 3 Rear-mounted (a) spray system and (b) dustometer used in 
current study

Fig. 4 Centrifuging dust solution in laboratory

Fig. 5 Measuring leaf area for (a) Alnus subcordata L., (b) Carpinus betulus L. and (c) Parrotia persica CAM in Image J software
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The amount of deposited dust was calculated in the 
leaf area unit by dividing dust mass to mean leaf area 
(Manouchehri et al. 2016).

2.5 Cost and Statistical Analysis
Total cost of purchasing, transportation and per-

forming of molasses, PAM and bentonite treatments 
for the dust emission control in a forest road with 
travel way of 3.5 meters was calculated based on 2019 
fee-table. The normality of the data was tested using 
the Kolmogorov-Smirnov and then subjected to anal-
ysis of variance (ANOVA) in SAS software. The mean 
comparison was performed based on the Fisher’s least 
significant different (LSD) test. The effect and signifi-
cance of each measured variable and their impact on 
the road dust emission were examined using Pearson’s 
correlation.

3. Results and Discussion

3.1 Comparison of Anti-Dust Dosages for Dust 
Reduction on Forest Roads

Table 3 shows the relationship of the emitted dust 
from the road segments in each study site versus the 
attributes on those segments. Results indicated that 
emitted dust tend to decrease with the increase of 
anti-dust agent concentrations. Moreover, the emitted 
dust started to increase with time, with minimum ef-
ficiency at the end of the 81st day. Bolander and 
Yamada (1999) reported that the longevity of the ef-
fectiveness of bentonite, PAM and molasses is at least 
one year. It seems that three rainfall occurrences in our 
study on 1 June (rainfall: 21.6 mm, temperature: 24°C, 
relative humidity: 68%), 14 June (rainfall: 4.9 mm, tem-
perature: 26°C, relative humidity: 72%) and 11 July 
2019 (rainfall: 4.1 mm, temperature: 26°C, relative hu-
midity: 75%) washed a part of anti-dust agents from 
the road surface and this may be the reason of in-
creased dust emission at the end of the 81st day. The 
rainfall occurrences were the same for all segments in 
each site. Therefore, it had no influence on precision 
and confidence of results. In Loveh, different concen-
trations of bentonite could not control the emitted dust 
from the treated road segments within the 81 day 
timeframe. Indeed, the longevity of this anti-dust 
agent is less than 81 days. Bentonite is most effective 
in conditions where low levels of fines are present in 
the surface materials (Bennett 1994, Lohnes and Coree 
2002), while the surfacing material of forest roads in 
Loveh is poorly graded gravel (GP) with a high level 
of fines, so added clay particles could not provide fines 
needed to bind surface aggregates. In Kouhmian, a 

minimum amount of emitted dust was detected in 
dosage of 3% bentonite. In this dosage, emitted dust 
decreased from 10.4 g/m3 to 6.1 g/m3 on 81st day. Only 
a few studies have measured dust abatement from 
bentonite. Bergeson and Brocka (1996) used bentonite 
(sodium montmorillonite) as a dust palliative on lime-
stone surfaced secondary roads in Texas. Applications 
tested ranged from 0.5% to 9% by weight of aggregate. 
Dust generation was reduced by about 45% on sites 
where 3% bentonite was employed and 70% on sites 
with 9% bentonite.

In Loveh and Kouhmian, the longevity of PAM 
treated road segments with concentration of 4% and 
6% was more than 81 days. The optimum dosage of 
PAM in Loveh and Kouhmian were 6% and 4%, re-
spectively. This conforms to the research by Omane et 
al. (2018). They found an appropriate dosage of 5% for 
the chloride-free solution, polymer and molasses. In 
Shastkalateh, a dosage of 2% was determined as an 
optimum amount of PAM for dust reduction because 
beyond this dosage, adding more concentrations had 
no impact on the dust emission. A dosage of 20% was 
observed as an optimum amount of molasses for the 
dust reduction in Loveh and Kouhmian, because a 
lower dosage had no impact on the dust reduction 
within the 81 day timeframe. In this dosage, emitted 
dust decreased from 12.3 g/m3 to 5.0 g/m3 and from 
10.4 g/m3 to 5.0 g/m3 in Loveh and Kouhmian, respec-
tively. In Shastkalateh forest, at the initial stage of ap-
plication, molasses was highly efficient, but as time 
progressed the dust emission increased. This result is 
in agreement with the findings of Shirsavkar and 
Koranne (2010) and Gotosa et al. (2015). Gotosa et al. 
(2015) examined the potential of molasses (sugar syr-
up) and water in reducing the dust emission from 
gravel roads and compared them with a control treat-
ment in Zimbabwe. Each treatment was carried out at 

Table 3 Correlations between dust emission rates and site attri-
butes

Attributes Loveh Kouhmian Shastkalateh

Road slope 0.028ns 0.259ns –0.029ns

Surfacing thickness –0.122ns 0.127ns –0.143ns

Pavement fine aggregates –0.108ns 0.197ns 0.176ns

Pavement moisture 0.125ns –0.127ns 0.176ns

Canopy cover –0.125ns 0.132ns –0.184ns

Anti-dust concentration –0.817** –0.748** –0.744**

Time 0.355* 0.364* 0.355*

*, ** significant at probability level of 5 and 1%, respectively
ns: not significant
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a   rate of 4 liter per square meter. The results showed 
that the dust reduction capacity of molasses and water 
were 83–77% and 18–39%, respectively. Molasses con-
tains sugars which are hygroscopic and attract mois-
ture from the air (Manyuchi et al. 2018). The hygro-
scopic nature of the molasses was therefore the reason 
of reduced dust emission (Gotosa et al. 2015). Gotosa 
et al. (2015) detected that molasses was a better sup-
pressant than water over the six month study period 
(Table 4).

3.2 Comparison of Different Anti-Dust Agents in 
the Study Sites

In Loveh and Kouhmian, PAM and molasses treat-
ed road segments had lower emitted dust than ben-
tonite treated road segments. In Loveh, dust reduction 
efficiencies were 42.34%, 52.50% and 56.06% and these 

efficiencies in Kouhmian were 42.99%, 52.39% and 
63.14% for the bentonite, molasses and PAM, respec-
tively (P<0.05, Fig. 6a and Fig. 6b). In Shastkalateh, 
older PAM treated road segments indicate significant-
ly lower emitted dust as compared to molasses and 
bentonite treated road segments (P<0.05, Fig. 6c). For 
PAM treated road segments in Shastkalateh, dust 
emission rates ranged from 1.3–1.8 g/m3 on the 3th day 
to 2.9–4.1 g/m3 on the 81st day. In this study site, reduc-
tion efficiencies of 56.09%, 59.35% and 70.62% were 
achieved for the bentonite, molasses and PAM, respec-
tively. This result is supported by the studies of Omane 
et al. (2018) and Watson et al. (2000). They reported 
that the adhesiveness between the molecular struc-
tures of the PAM solution is higher, and that a smaller 
surface tension leads to a decrease of evaporation rate. 
Other researchers, such as Goma and Mwale (2016) 
and Thompson and Visser (2007), have reported simi-
lar findings. They found that the PAM solution is more 

Table 4 Interaction of anti-dust agent concentrations and longevity of dust emitted (g/m3) from treated road segments

Anti-dust

agent

Conc.

%

Longevity in Loveh, day Longevity in Kouhmian, day Longevity in Shastkalateh, day

3 9 27 81 3 9 27 81 3 9 27 81

Bentonite

0
Mean 12.5Aa 11.9Aa 11.4Aa 12.3Aa 10.1Aa 9.7Aa 9.5Aa 10.4Aa 8.7Aa 9.1Aa 7.9Aa 8.0Aa

SD 0.79 0.79 0.76 0.74 0.82 0.86 0.79 0.76 0.21 0.50 0.43 0.38

1
Mean 5.3Bb 6.2Bb 10.5Aa 11.7Aa 4.7Bb 5.4Bb 8.6Aa 9.7Aa 3.3Bb 3.5Bb 4.6Bb 7.0Aa

SD 0.41 0.14 0.91 0.42 0.47 0.32 0.30 0.35 0.37 0.45 0.42 0.29

2
Mean 3.8Bb 5.4Bb 5.9Bb 11.0Aa 3.1Bb 4.5Bb 5.4Bb 9.2Aa 2.8Bb 3.0Bb 3.7Bb 5.3Ba

SD 0.57 0.32 0.64 0.96 0.07 0.41 0.40 0.44 0.23 0.28 0.56 0.35

3
Mean 3.4Bb 4.1Bb 5.0Bb 10.9Aa 3.0Bb 3.9Bb 4.3Bb 6.1Ba 2.1Bb 2.3Bb 2.6Bb 4.2Ba

SD 0.16 0.22 0.38 0.80 0.35 0.16 0.32 0.37 0.14 0.22 0.29 0.14

PAM

0
Mean 12.5Aa 11.9Aa 11.4Aa 12.3Aa 10.1Aa 9.7Aa 9.5Aa 10.4Aa 8.7Aa 9.1Aa 7.9Aa 8.0Aa

SD 0.79 0.79 0.76 0.74 0.82 0.86 0.79 0.76 0.21 0.50 0.43 0.38

2
Mean 4.7Bb 5.1Bb 6.1Bb 11.0Aa 2.9Bb 3.3Bb 3.9Bb 9.0Aa 1.8Ba 2.4Ba 3.0Ba 4.1Ba

SD 0.54 0.22 0.16 0.72 0. 07 0.22 0.36 0.25 0.29 0.22 0.37 0.60

4
Mean 3.5Bb 4.2Bb 5.5Bb 7.1Ba 2.4Ba 3.2Ba 3.4Ba 4.0Ba 1.5Ba 2.4Ba 2.6Ba 3.5Ba

SD 0.29 0.51 0.45 0.36 0.41 0.19 0.42 0.19 0.07 0.19 0.24 0.37

6
Mean 3.0Ba 3.5Ba 4.1Ba 5.6Ba 2.2Ba 2.8Ba 3.3Ba 3.5Ba 1.5Ba 2.0Ba 2.3Ba 2.9Ba

SD 0.49 0.45 0.36 0.35 0.32 0.38 0.12 0.50 0.07 0.07 0.28 0.14

Molasses

0
Mean 12.5Aa 11.9Aa 11.4Aa 12.3Aa 10.1Aa 9.7Aa 9.5Aa 10.4Aa 8.7Aa 9.1Aa 7.9Aa 8.0Aa

SD 0.79 0.79 0.76 0.74 0.82 0.86 0.79 0.76 0.21 0.50 0.43 0.38

5
Mean 6.0Bb 6.3Bb 8.0Bb 11.1Aa 5.0Bb 5.1Bb 5.8Bb 9.1Aa 3.1Bb 4.4Bb 5.2Bb 7.2Aa

SD 0.61 0.25 1.0 0.53 0.07 0.07 0.72 0.26 0.57 0.56 0.24 0.81

10
Mean 3.9Cb 5.0Bb 5.1Cb 7.0Ba 3.1Cb 3.4Bb 4.1Bb 6.4Ba 1.5Bb 2.0Cb 3.6Bb 5.4Ba

SD 0.14 0.19 0.12 0.71 0.19 0.42 0.14 0.42 0.22 0.35 0.46 0.35

20
Mean 3.1Ca 4.0Ba 4.1Ca 5.0Ca 3.0Ca 3.1Ba 3.6Ba 5.0Ba 1.1Bb 1.6Cb 2.1Bb 3.9Ba

SD 0.14 0.67 0.17 0.37 0.21 0.22 0.29 0.12 0.16 0.28 0.12 0.41

Different little signs at each row and different capital signs at each column show significant difference at probability level of 95%; SD – standard deviation
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efficient than water, the salt solution and the chloride-
free solution. PAMs are manufactured in a broad 
range of molecular weights, charge types and charge 
densities. Breakdown of PAM requires several weeks 
and occurs as a result of mechanical disturbances 
(Ding et al. 2019). As expected, older treated roads ex-
hibit higher dust emission than newer treated roads, 
and the total amount of dust emissions in Loveh forest 
roads is larger than that of Kouhmian and Shastkalateh 
(Fig. 7). Surfacing materials in Loveh forest roads are 
typically dirty (GP), and poor condition of these ma-
terials may contribute to the increased dust emission. 

The mean amount of fine particles in surfacing materi-
als of Loveh forest roads was 12.3%. Gulia et al. (2019) 
reported that the emission of road dust significantly 
varies based on the amount of silt deposited on the 
road, number and type of vehicle movement.

3.3 Effect of Anti-Dust Treatments on Dust 
Deposited on Leaves

The amount of deposited dust per unit leaf area of 
Parrotia persica CAM., Alnus subcordata L. and Carpinus 
betulus L. decreased with increasing the concentra-
tions, as there was significantly more deposited dust 

Fig. 6 Comparison of different anti-dust agents in controlling dust emission from treated road segments
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per unit leaf area in control treatments of Loveh, 
Kouhmian and Shastkalateh forests than in road seg-
ments treated with molasses, PAM and bentonite 
(P<0.05, Table 5). The results indicated that in control 
treatments in Loveh, the amount of deposited dust on 
Parrotia persica CAM., Alnus subcordata L. and Carpinus 
betulus L. was 0.043, 0.062 and 0.061 mg/cm2, respec-
tively. In molasses treated road segments, the amount of 
deposited dust on Parrotia persica CAM (0.027 mg/cm2) 
was significantly different from those of Alnus subcordata 
L. (0.044 mg/cm2) and Carpinus betulus L. (0.042 mg/cm2). 
In PAM treated road segments, the amount of de­
posited dust per unit leaf area of Parrotia persica CAM 
(0.022 mg/cm2) was significantly less than that of Alnus 
subcordata L. (0.036 mg/cm2) and Carpinus betulus L. 
(0.034 mg/cm2) due to the smooth surface and shallow 
grooves (Manoochehri et al. 2016). In bentonite treated 
road segments, the amount of deposited dust on Parrotia 
persica CAM (0.028 mg/cm2) was significantly lower 
than that of Alnus subcordata L. (0.043 mg/cm2) and 
Carpinus betulus L. (0.041 mg/cm2). In other two sites, 

Fig. 7 Comparison of dust emission from treated road segments in 
different sites

Table 5 Deposited dust on leaves (mg/cm2) of adjacent trees in different sites

Anti-dust
agent

Conc.
%

Tree species in Loveh Tree species in Kouhmian Tree species in Shastkalateh

Carpinus
betulus L.

Alnus
subcordata L.

Parrotia
persica CAM

Carpinus
betulus L.

Alnus
subcordata L.

Parrotia
persica CAM

Carpinus
betulus L.

Alnus
subcordata L.

Parrotia
persica CAM

Bentonite

0
Mean 0.059Aa 0.062Aa 0.041Ab 0.044Aa 0.042Aa 0.031Ab 0.021Aa 0.020Aa 0.016Aa

SD 0.004 0.004 0.004 0.002 0.002 0.002 0.001 0.003 0.002

1
Mean 0.040Ba 0.043Ba 0.028Bb 0.030Ba 0.029Ba 0.022Bb 0.015Ba 0.015Ba 0.011Bb

SD 0.004 0.004 0.004 0.002 0.006 0.002 0.001 0.004 0.001

2
Mean 0.040Ba 0.042Ba 0.026Bb 0.035Ba 0.030Ba 0.023Bb 0.014Ba 0.012Ba 0.009Ba

SD 0.005 0.007 0.004 0.003 0.004 0.004 0.003 0.004 0.001

3
Mean 0.044Ba 0.044Ba 0.030Bb 0.028Ca 0.031Ba 0.023Bb 0.013Ba 0.011Ba 0.007Bb

SD 0.005 0.005 0.005 0.003 0.004 0.004 0.002 0.003 0.001

PAM

0
Mean 0.059Aa 0.062Aa 0.041Ab 0.044Aa 0.042Aa 0.031Ab 0.021Aa 0.020Aa 0.016Aa

SD 0.004 0.004 0.004 0.002 0.002 0.002 0.001 0.003 0.002

2
Mean 0.037Ba 0.039Ba 0.026Bb 0.033Ba 0.029Ba 0.021Bb 0.013Ba 0.011Ba 0.009Ba

SD 0.006 0.004 0.005 0.003 0.004 0.004 0.004 0.004 0.002

4
Mean 0.034Ba 0.036Ba 0.021Cb 0.028Ca 0.026Ba 0.016Cb 0.012Ba 0.011Ba 0.008Ba

SD 0.005 0.005 0.004 0.003 0.003 0.002 0.002 0.001 0.003

6
Mean 0.031Ba 0.033Ba 0.018Cb 0.026Ca 0.023Ba 0.014Cb 0.014Ba 0.011Ba 0.006Bb

SD 0.003 0.005 0.004 0.003 0.003 0.001 0.004 0.002 0.001

Molasses

0
Mean 0.059Aa 0.062Aa 0.041Ab 0.044Aa 0.042Aa 0.031Ab 0.021Aa 0.020Aa 0.016Ab

SD 0.004 0.004 0.004 0.002 0.002 0.002 0.001 0.003 0.002

5
Mean 0.048Ba 0.052Ba 0. 035Bb 0.034Ba 0.035Ba 0.026Bb 0.016Ba 0.015Ba 0.011Bb

SD 0.004 0.004 0.003 0.004 0.004 0.003 0.003 0.003 0.001

10
Mean 0.040Ca 0.044Ca 0.026Cb 0.031Ba 0.030Ca 0.020Cb 0.015Ba 0.013Ba 0.008Bb

SD 0.005 0.004 0.004 0.003 0.003 0.004 0.001 0.002 0.001

20
Mean 0.037Ca 0.036Da 0.021Db 0.027Ba 0.026Ca 0.019Cb 0.014Ba 0.012Ba 0.009Ba

SD 0.003 0.003 0.005 0.004 0.003 0.006 0.004 0.003 0.001
Different little signs at each row and different capital signs at each column show significant difference at probability level of 95%; SD – standard deviation
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the amount of deposited dust per unit leaf area of Par-
rotia persica CAM. was significantly less than that of 
Alnus subcordata L. and Carpinus betulus L. Significant 
difference was observed between the amount of de-
posited dust in Loveh and those of the other sites. 
There was more deposited dust on leaves of adjacent 
trees in treated road segments of Loveh forest than in 
those of Kouhmian and Shastkalateh (Fig.8). Liu et al. 
(2013) assessed the dust-retaining capability of Man-
gifera indica Linn. and Bauhinia blakeana in Guang-
zhou at different types of morphological traits of their 
leaves. Results showed that the leaf of Mangifera in-
dica has deep grooves and high stomata density, 

which are in favor of retaining dust, and thus, their 
dust-retained capability is stronger, while Bauhinia 
blakeana has the cells and epicuticular wax with its 
stomata arranging regularly, resulting in poor dust 
catching capability.

3.4 Determination of Optimum Dosage with 
Consideration of Cost

In Loveh forest, lowest emitted dust was recorded 
for PAM and molasses treated road segments with 
concentration of 6% and 20%, respectively. The cost of 
implementation of PAM and molasses treatments with 

Fig. 8 Comparison of deposited dust on leaves of different species in treated road segments
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the above concentrations was 1400$/km and 1167$/km, 
respecitely. Therefore, molasses with concentration of 
20% was selected as optimum treatment for dust emis-
sion control in Loveh. In Kouhmian forest, lowest 
emitted dust was recorded for PAM and molasses 
treated road segments with concentration of 4% and 
20%, respectively. The cost of implementation of PAM 
and molasses treatments with the above concentra-
tions was 933$/km and 1167$/km, respectively. There-
fore, PAM with concentration of 4% was selected as 
optimum treatment for dust emission control in Kouh-
mian. In Shastkalateh forest, PAM treated road seg-
ments with concentration of 2% and implementation 
cost of 467 $/km was selected as optimum treatment 
(Table 6).

Table 6 Materials cost analysis of dust emission control in a 
3.5-meter wide forest road 

Anti-dust agent Concentration, % Kg/km $/km

Molasses

5 350 292

10 700 583

20 1400 1167

PAM

2 140 467

4 280 933

6 420 1400

Bentonite

1 400 33

2 800 67

3 1200 100

4. Conclusions
Effectiveness of different anti-dust agents on forest 

road dust emissions was examined from emission data 
collected for 81 days by dustometer in three sites in 
Hyrcanian forests. Molasses was found to be an effec-
tive agent for controlling dust emissions from road 
surface with high levels of fines and unwashed mate-
rials (Fig. 9a). In forest roads with lower levels of fine 
particles in surfacing materials, PAM was the most 
efficient and cost effective method of dust emission 
reduction. Cohesive behavior of these agents can ag-
gregate the fine particles of road surface (Fig. 9b). 
Moreover, the findings of the present study showed 
that dust retention varied between the three tree spe-
cies studied; it also varied between concentrations and 
between study sites. Dust-retaining capability of 
Carpinus betulus L. and Alnus subcordata L. was better 
than that of Parrotia persica CAM. It is concluded that 
the amount of fine aggregates in surfacing materials, 
rainfall occurrence, and type of anti-dust agent and 

dosage of anti-dust play an important role in the ef-
fectiveness and longevity of the treatment and amount 
of deposited dusts on leaves of adjacent trees. It is rec-
ommended that the effects of other environmentally 
friendly products, such as starch, vegetable oils and 
animal fats, on road dust emission be investigated in 
future studies. Further researches are also necessary 
to determine the exact longevity of anti-dust agents 
under different climate conditions.
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