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Abstract: The emissions of PM2.5 from biomass combustion pose significant health risks due to their 

small size and chemical composition, which can lead to various diseases. Understanding the 

relationship between PM2.5 elemental concentrations and biomass elemental concentrations is 

essential. This study analyzed the concentrations of four key elements—sodium, calcium, potassium, 

and phosphorus—in the combustibles of two urban landscape tree species (conifers and broad-leaf) 

and their respective tree organs (branches and leaves), along with the PM2.5 generated during 

combustion. Using R and Origin 2024 Pro software respectively, the concentration of elements, and 

the strength and direction of elemental relationships were assessed among tree species categories, 

tree organs, and in PM2.5 emitted. Calcium was highly concentrated in both tree species, followed 

by potassium, which had higher concentrations in broad-leaf species. Elemental concentrations also 

differed significantly between branches and leaves, with calcium consistently being the most 

concentrated in both. While calcium and potassium levels were high in combustibles, they were 

relatively low in PM2.5 compared to other elements. The study revealed stronger correlations among 

elements in the PM2.5 as compared to relationships between elements in combustibles and their 

counterparts in PM2.5. Sodium with lower concentration in the combustibles was readily released as 

compared to other elements (K, P, and Ca) which were highly concentrated in the combustibles but 

not readily released in PM2.5. These variations highlighted the importance of considering tree 

species, organ types, and elemental interactions when assessing the impacts of biomass combustion 

on urban air quality. 

Keywords: urban forests; tree species; tree organs; PM2.5; and urban air pollution 

 

1. Introduction 

Air pollution in China has an impact on both regional and global atmospheric air quality, and 

PM2.5 is one of the key air pollutants generated (Cai et al., 2017; Zhang et al., 2019). It is a particulate 

matter type that is generated during both organic and inorganic combustions (Li et al., 2021). This 

particulate matter type is a concern worldwide because it has been proven by many studies that it 

leads to health complications when inhaled(Galea et al., 2013). 

As air pollution has become prominent especially in urban settings, there is an increasing 

demand and advocacy for urban forests establishment in order to combat air pollution (Mitchell & 

Devisscher, 2022; Nowak & Heisler, 2010). In the guest to deal with air pollution and climate change 

through urban forestry, the  generation of forest wastes (especially leaves and branches) has become 

unavoidable (Timilsina et al., 2014). These wastes are most of the times burned intentionally or 

unintentionally either within the urban settlements or outside in order to keep the communities clean 

or generate energy for individual, family, community, or industries (Khudyakova et al., 2017; Nowak 
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et al., 2019). These combustion processes involves both physical and chemical processes that lead to 

a transfer of mass and heat (Yadav & Devi, 2018). As further explained by Yadav & Devi, (2018), 

forest biomass burning contributes 18% of the global aggregated air pollutants emission. Mostly the 

combustion processes pose health issues to users and their neighbors by compromising the air quality 

which leads to human health implications (Jiang et al., 2024; Wu et al., 2020).  Studies have proven 

that biomass burning increases the concentration of particulate matter in indoor and outdoor 

environments in both developed and developing countries(Johnston et al., 2019).  

Particulate matter in smokes has become a concern(Adam et al., 2021) in which fine particulate 

matter (PM2.5) overshadows due to its size and chemical composition. It has been revealed that the 

composition of PM2.5 has effect on the risk it possess on public health (Fang et al., 2022; Zhang et al., 

2018), and the risk magnitude is affected by the source of the elements and compounds in it 

(Chatoutsidou & Lazaridis, 2022). Studies on PM2.5  highly focused on inorganic sources of PM2.5 

like from industries and transportation sector while biomass sources have gained less attentions 

(Saliba et al., 2007) though it poses significant health risks to urban settlers.  A study done by (Lim 

et al., 2011) concluded that most of the indoor PM2.5 pollution originate from outdoor processes 

which includes biomass burning.  

On the other hand, the composition of the PM2.5 has gained attention from researchers which is 

believed to have effect on the its toxicity. For example, a review done by (Jia et al., 2017) further 

explained that the toxicity of PM2.5 mixed compositions differs greatly from the single ingredients 

in mixed components. It is therefore important to know the composition of PM2.5 in order to 

determine its toxicity to human health in urban areas. As revealed by many studies, Pm2.5 contains 

both metal and none metal elements or compounds in which some are highly reactive while others 

reactivity are moderate. Among the most studied reactive elements present in abundance in PM2.5 

are Calcium (Ca), Potassium (K) (Wang et al., 2018), Sodium (Na) and Phosphorous (P)(Ma et al., 

2019; Violaki et al., 2022). These elements are highly reactive with water and carbon which makes 

them readily available to form compounds when released into the atmosphere. On the other hand, 

these elements are also among the essential elements needed by plants (de Bang et al., 2021; van 

Maarschalkerweerd & Husted, 2015) which makes them always available in plant cells. Most of these 

elements which are essential for plants and found in plant cells as trace elements are released into the 

environment during biomass combustion (C. Chen et al., 2019; Nzihou & Stanmore, 2013).  

Though there is high concern about biomass induced toxic elements effects on both water and 

air, the type of biomass burning remains key factor to determine the composition of pollutants 

emitted (Yao et al., 2023).  

In the urban settings, many tree species are used for different or similar functions. Some are used 

for environmental cooling (X. Chen et al., 2019), serving as wind breakers (Podhrázská et al., 2021), 

provide ecosystem services (Blanusa et al., 2019), and rain water interception (Zabret & Šraj, 2019).  

Irrespective of the function of any urban forest or tree species, the elements absorbed by urban tree 

species in the process of cleaning the environments or supporting their growth and functionalities 

can be released in different forms during combustion processes.  

These elements when released during combustion processes affects the quality and purity of our 

environments which in turn affects the lives of both human and other living things.  

This study therefore focuses on analyzing the concentrations, of Sodium (Na), Potassium (K), 

Phosphorous (P), and Calcium (Ca) in the combustibles [(tree species (conifers and broad-leaf, plant 

organs (Branches and leaves)] and PM2.5. The directions and strength of the relations that exists 

between the elements in the combustibles and elements in PM2.5, also the interactions of these 

elements with PM2.5 were assessed. The tree species which were assessed in this study are Ficus 

macrocarpa, Michelia x alba, Pinus Thunbergii, Platycladus Orientalis, Araucarii cunninghamii and 

Mangifera indica.  The elements assessed in this study are essential elements needed by plants and 

have been proven to be constituents of fine particulate matters (PM2.5) generated during biomass 

combustion. Na, K, P and Ca are all reactive elements which can easily form compounds in the 

presence of water and/or carbon.  The main objectives of this study are to assess: (1) the 
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concentration differences of the elements Na, K, P and Ca in the combustibles (tree species and plant 

organs) and PM2.5; (2) the relationships that exist between these elements in the combustibles and 

their concentrations in PM2.5 emitted during combustion; (3) the relationships that exist amongst the 

elements Na, K, P and Ca within PM2.5 emitted. This will provide information that will promote the 

setting of innovative strategies to deal with urban forest wastes to minimize it effect on urban air 

quality. 

2. Materials and Methods 

2.1. Study Area 

This research was carried out in Fuzhou city, Fujian Province, China which is geographically 

located between 25° 15′–26° 39′ north latitude and 118° 08′–120° 31′ east longitude(Jin et al., 2023). 

In this study, six (6) urban landscape trees common in Fuzhou urban settlements were selected 

in which three (3) were conifers and another three (3) were broad-leaf urban landscape tree species. 

These tree species are Ficus macrocarpa, Michelia x alba, Pinus Thunbergii, Platycladus Orientalis, 

Araucarii cunninghamii and Mangifera indica.  

2.2. Sample Collection and Preparation 

The samples were in June, 2024 within the urban setting of Fuzhou city from randomly selected 

trees of the six tree species. To avoid the effect of soil chemical composition differences and industrial 

pollution effects, the samples were collected from the same geographical location and away from 

industrial settings respectively.  

Fresh branches (< 10 thick were used) and leaves were directly collected from the trees to avoid 

its contact with objects that might contaminate it and affect the final result.  The samples of branches, 

leaves, conifers and broad-leaf tree species were placed into different labeled sample bags, closed 

tightly and transported to the lab. The branches and leaves were assessed in this study because these 

are wastes frequently generated from urban forests. 

In the lab, the samples were then dried at 80 0C (Paul et al., 2024) in an Electric Constant 

Temperature Blast Drying oven ( Shanghai Jinghong Industry Company Ltd, DHG-9240A) until 

constant weights were attained.  

The samples meant for the concentration of the elements in the combustibles where ground 

using ceramic sample grinder. The samples meant for elemental concentration assessments in PM2.5 

were cut into the length of about 5 cm to promote complete combustion. 25 g (weighed using PY-

E627, China, Puyan with an accuracy of 0.001g) of each set of samples were simulated in a combustion 

chamber (Figure 2) which was set at a temperature of 200 0C before placing the sample. Each sample 

was burned in flaming and sustained through the use of an oxygen pump which supplies oxygen 

into the combustion chamber at a rate of 20 % min-1. Teflon-polytetrafluoroethylene (PTFE) 

membrane filters were placed in a USA, SKC-DPS PM sampler to collect PM2.5 during the combustion 

process for each sample.  
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Figure 2. Schematic diagram of biomass simulation device. 

2.3. Samples Testing 

For elemental concentration testing in the combustibles, 0.2 g of each ground sample was used, 

mixed with 10 ml of 30 % Hydrogen Peroxide (H2O2) and 5 ml of Nitric Acid (HNO3) in a microwave 

digestion tube. The samples were then placed in an Advanced Microwave Digestion System for 11/2 

hours and moved into a cooling chamber for 1/2 an hour. After cooling, the liquid samples were 

filtrated and 6-8 ml of each sample solution was used to analysis the concentration of Na, K, P and 

Ca using an ICP~MS Analyzer. 

On the other hand, the concentrations of these elements in each sample were determined by 

extracting each sample in separate vials containing distilled deionized water. The vials were placed 

in an ultrasonic water bath and shaken with a mechanical shaker for 11/2 hour to extract the ions. The 

extracts were then filtered through micro-porous membranes with a pore size of 0.45 mm, and the 

resulting filtrates were tested for metals concentration. An ICP~MS Analyzer was also used to 

determine the concentration of the metals present in the aqueous extracts of the filtrate. 

2.4. Data Analysis 

The data collected for this study were analyzed using excel, origin 2024 Pro, and R Studio 

software. The data preprocessing was done in excel, elemental concentration graphs done in Origin 

Pro 2024, and Structural Equation Modeling (SEM) done in R-Studio. 

3. Results 

This study was categorized into two sub-headings which are the tree species-based assessments 

and the tree organs-based assessments. The tree species assessed in this study are the Coniferous and 

Broad-leaf tree species in the urban settings, while the tree organs assessed are the branches and 

leaves. 

3.1. 

3.1.1. Elemental Composition in Combustibles 

In this study as recorded in Table 1 and Figure 3 in this study, it was discovered that urban 

landscape tree species combustibles assessed had variations in the concentration of Na, K, P, and Ca. 

There were also variations observed in the concentrations of the elements assessed between  
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From the data in Table 1, Figure 3 it was discovered that the elemental concentration between 

the Conifers (CON) and broad-leaf (BL) tree species varies. Phosphorous had the highest 

concentration (CON = 60.56 mg/kg and BL = 65.06 mg/kg) followed by K (CON = 25 mg/kg and BL = 

54.27 mg/kg). calcium (Ca) recorded the third highest concentration (CON = 5.45 mg/kg and BL = 4.82 

mg/kg) followed by Na (CON = 1.83 mg/kg; BL = 2.00 mg/kg) which is the least concentrated element 

in both tree species. BL recorded the highest elemental concentration for all the elements studied 

except for Ca. P and K recording the highly concentrated elements in both tree species. 

In the plants organs (Branches and Leaves) there were variations in elemental concentration 

which showed different trends as compared to the tree species elemental concentration. From the 

data (Table 1, Figure 3), it was revealed that the leaves had the highest elemental concentration as 

compared to the branches. The leaves had Na, K, P and Ca concentrations as followed: 2.03 mg/kg, 

51.41 mg/kg, 6.30 mg/kg and 69.85 mg/kg while the branches recorded 1.80 mg/kg, 28.37 mg/kg, 3.97 

mg/kg, and 55.78 mg/kg respectively.  

So, there are total differences when the branches and trees of tree species are burned together 

and when these plant organs are burned independently. P and K recorded to be the first and second 

highly concentrated elements in the tree species when the combustibles are assessed in bulk while Ca 

and K were the first and second highly concentrated elements in the combustibles when the branches 

and leaves are burnt independently. Na on the other hand remained to be low in concentration in 

both the tree species and organs-based assessments. 

Table 1. Concentration of elements in the combustibles and PM2.5 emitted during combustion. 

Tree Species Plant Organs 

Conifers Broad-leaf Branches Leaves 

Element CC CPM2.5 %EPM2.5 CC CPM2.5 %EPM2.5 CC CPM2.5 %EPM2.5 CC CPM2.5 %EPM2.5 

Na 1.83 0.86 46.99 2.00 0.03 1.5 1.8 0.46 25.56 2.03 0.42 20.69 

K 25.51 0.26 1.02 54.27 0.03 0.06 28.37 0.19 0.67 51.41 0.11 0.21 

P 60.56 0.23 0.38 65.06 0.04 0.06 3.97 0.03 0.76 6.30 0.02 0.32 

Ca 5.45 0.03 0.55 4.82 0.02 0.41 55.78 0.14 0.25 69.85 0.13 0.19 

CC = Concentration in Combustibles; CPM2.5 = Concentration of elements in PM2.5 emitted during combustion; 

%EPM2.5 = Emission rate of elements from combustibles to PM2.5 in percentage. 

 

Figure 3. Elemental concentration in the combustibles [conifers (CON), broad-leaf (BL) tree species, Branches 

and Leaves and PM2.5 emitted during combustion. Na = Sodium; K = Potassium; Ca = Calcium; P = Phosphorous; 

PM2.5 = Fine Particulate Matter. 
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3.1.2. Elemental Composition in PM2.5 

The concentration of the four assessed elements (Na, K, P and Ca) in PM2.5 were also assessed 

in order to reveal the emission rate of these elements from the same combustibles of the tree species 

(CON and BL) and plant organs (Branches and Leaves).  

In PM2.5 released from CON, Na, K, P and Ca had 0.86 mg/kg, 0.26mg/kg, 0.23mg/kg and 

0.03mg/kg respectively which highlighted Na as highly concentrated element in it. BL PM2.5 had 

0.03mg/kg, 0.03mg/kg, 0.04mg/kg and 0.14mg/kg for Na, K, P, and Ca respectively. Na and K had the 

same level of concentrations in PM2.5 from BL while Ca recorded the highest concentration which is 

different from the scenario observed in CON PM2.5. 

Elemental concentration in the PM2.5 released form the plant organs showed variations where 

the branches recorded the highest (Na = 0.46mg/kg) and the leaves recorded the least (P = 0.02mg/kg). 

In the branches, K, P and Ca had 0.19mg/kg, 0.03mg/kg, and 0.14mg/kg respectively. The leaves borne 

PM2.5 elemental concentration showed different trend although Na (0.42mg/kg) and P (0.02mg/kg) 

maintained their ranks as the elements with the highest and lowest concentrations respectively. Ca 

(0.13mg/kg) was recorded as the second highest element concentration while K (0.11mg/kg) 

recording as the third highest in the PM2.5 from the leaves. 

3.2. Elemental Emission Efficiency 

In the PM.5 emitted by the tree species (Table 1); it was observed that Na was efficiently emitted 

from both conifers and broad-leaf tree species followed by K and Ca respectively as compared to the 

other elements. 44.99% and 1.5% of the total Na concentration in conifers and broad-leaf tree species 

were released respectively. 0.55% and 0.41% of Ca total concentration in conifers and broad-leaf tree 

species were emitted. From the total concentration of K and P (conifers = 1.02% & 0.38%; BL = 0.06% 

& 0.06% respectively) were released during combustion. These variations showed the role that tree 

species can play in elemental composition in PM2.5 during biomass combustion processes in urban 

areas. 

A similar scenario was also observed in the emission of the total concentration of these elements 

in the plant organs (Branches and Leaves) assessed independently. In PM2.5 emitted from the 

branches during combustion, Na, K, P and Ca released 25.5%, 0.67%, 0.76% and 0.25% of their total 

concentrations in branches respectively. The leaves also had similar trend with different 

concentrations. Na (20.69%) recorded the highest followed by P (0.32%), K (0.21%), and Ca (0.19%).  

This trend revealed that Na was efficiently released followed by P as compared to the other 

elements. In overall, Na was efficiently emitted during the combustion processes of both the tree 

species (CON and BL) and plant organs (Branches and Leaves) as compared to the other elements. 

3.3. Structural Equation Modeling to Understand the Direction and Strength of the Underlying 

Relationships of the Elements. 

In the structural equation model (SEM) Pathway Analysis results (Tables 2, 3, 4, & 5; Figure 4 

& 5), the level at which the elements in the combustibles affected the concentration of the same 

elements in the PM2.5 emitted and the interaction of these elements were observed. This revealed the 

direction and magnitude of the relationship that existed between the elements in the combustibles 

and PM2.5, and how these elements correlated. In this study, the standardized estimates (std.all) were 

used to assess the direction and strength of the relationship that exist amongst the elements and the 

p-value used to validate the significance of the correlations.  
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Table 2. SEM Pathway analysis for the Coniferous tree species. 

lhs op rhs est se z p-value ci.lower ci.upper std.all 

PM2.5_K ~ K -6.51E-03 3.16E-03 -2.06E+00 3.91E-02 -1.27E-02 -3.27E-04 -4.01E-01 

PM2.5_P ~ P -4.20E-04 7.34E-04 -5.72E-01 5.67E-01 -1.86E-03 1.02E-03 -1.20E-01 

PM2.5_Na ~ Na -1.25E+00 4.02E-01 -3.11E+00 1.84E-03 -2.04E+00 -4.65E-01 -4.49E-01 

PM2.5_Ca ~ Ca -1.56E-03 1.03E-03 -1.51E+00 1.31E-01 -3.58E-03 4.63E-04 -2.32E-01 

PM2.5_K ~~ PM2.5_P 9.37E-04 5.73E-04 1.64E+00 1.02E-01 -1.85E-04 2.06E-03 4.18E-01 

PM2.5_K ~~ PM2.5_Na 6.27E-02 3.95E-02 1.59E+00 1.12E-01 -1.46E-02 1.40E-01 4.04E-01 

PM2.5_K ~~ PM2.5_Ca 1.69E-02 1.08E-02 1.57E+00 1.16E-01 -4.18E-03 3.81E-02 3.99E-01 

PM2.5_P ~~ PM2.5_Na 1.74E-03 1.25E-03 1.39E+00 1.64E-01 -7.08E-04 4.18E-03 3.48E-01 

PM2.5_P ~~ PM2.5_Ca 6.55E-04 3.57E-04 1.83E+00 6.70E-02 -4.57E-05 1.35E-03 4.79E-01 

PM2.5_Na ~~ PM2.5_Ca 6.91E-02 2.76E-02 2.50E+00 1.24E-02 1.49E-02 1.23E-01 7.29E-01 

Lhs = Left-Hand Side; op = Operation; rhs = Right-Hand Side; est = Estimate; se = Standard Error; z = z-value; 

ci.lower = Confidence Interval Lower Bound; ci.upper = Confidence Interval Upper Bound; std.all = 

Standardized Estimate for All Variables. 

Table 3. SEM Pathway analysis for the Broad-leaf tree species. 

lhs op  rhs est se z p-value ci.lower ci.upper std.all 

PM2.5_K ~  K -1.80E-04 8.24E-05 -2.22E+00 2.62E-02 -3.45E-04 -2.16E-05 -3.55E-01 

PM2.5_P ~  P -9.70E-04 1.03E-03 -9.41E-01 3.47E-01 -2.99E-03 1.05E-03 -1.91E-01 

PM2.5_Na ~  Na -1.34E-03 2.35E-03 -5.72E-01 5.67E-01 -5.94E-03 3.25E-03 -1.02E-01 

PM2.5_Ca ~  Ca 2.32E-06 1.46E-04 1.59E-02 9.87E-01 -2.83E-04 2.88E-04 2.46E-03 

PM2.5_K ~~  PM2.5_P 6.26E-05 2.54E-05 2.46E+00 1.37E-02 1.28E-05 1.12E-04 7.14E-01 

PM2.5_K ~~  PM2.5_Na 8.95E-05 4.06E-05 2.20E+00 2.77E-02 9.83E-06 1.69E-04 6.07E-01 

PM2.5_K ~~  PM2.5_Ca 2.03E-04 9.67E-05 2.10E+00 3.57E-02 1.36E-05 3.93E-04 5.70E-01 

PM2.5_P ~~  PM2.5_Na 2.46E-05 1.66E-05 1.48E+00 1.40E-01 -8.03E-06 5.72E-05 3.71E-01 

PM2.5_P ~~  PM2.5_Ca 1.88E-05 3.80E-05 4.96E-01 6.20E-01 -5.56E-05 9.33E-05 1.18E-01 

PM2.5_Na ~~  PM2.5_Ca 1.65E-04 7.43E-05 2.22E+00 2.63E-02 1.94E-05 3.11E-04 6.14E-01 

Table 4. SEM Pathway analysis for the Branches. 

lhs op rhs est se z p-value ci.lower ci.upper std.all 

PM2.5_K ~ K 1.26E-02 2.88E-03 4.39E+00 1.12E-05 6.99E-03 1.83E-02 3.91E-01 

PM2.5_P ~ P 3.36E-03 1.18E-03 2.84E+00 4.45E-03 1.05E-03 5.68E-03 4.23E-01 

PM2.5_Na ~ Na 3.75E-01 2.22E-01 1.69E+00 9.14E-02 -6.04E-02 8.11E-01 1.73E-01 

PM2.5_Ca ~ Ca -6.49E-04 5.39E-04 -1.20E+00 2.29E-01 -1.71E-03 4.07E-04 -1.51E-01 

PM2.5_K ~~ PM2.5_P 2.29E-03 9.82E-04 2.33E+00 1.96E-02 3.68E-04 4.22E-03 6.59E-01 

PM2.5_K ~~ PM2.5_Na 2.47E-01 8.76E-02 2.82E+00 4.79E-03 7.54E-02 4.19E-01 8.90E-01 

PM2.5_K ~~ PM2.5_Ca 3.96E-02 1.46E-02 2.72E+00 6.60E-03 1.10E-02 6.82E-02 8.33E-01 

PM2.5_P ~~ PM2.5_Na 3.72E-03 1.49E-03 2.50E+00 1.25E-02 8.01E-04 6.63E-03 7.28E-01 

PM2.5_P ~~ PM2.5_Ca 5.64E-04 2.45E-04 2.30E+00 2.14E-02 8.34E-05 1.04E-03 6.45E-01 

PM2.5_Na ~~ PM2.5_Ca 5.44E-02 2.08E-02 2.61E+00 9.06E-03 1.35E-02 9.53E-02 7.80E-01 

Table 5. SEM Pathway analysis for the Leaves. 

lhs op rhs est se z p-value ci.lower ci.upper std.all 

PM2.5_K ~ K 0.00E+00 7.96E-04 -2.33E+00 2.00E-02 0.00E+00 0.00E+00 -3.80E-01 

PM2.5_P ~ P 1.24E-03 3.54E-04 3.50E+00 4.59E-04 5.46E-04 1.93E-03 4.49E-01 

PM2.5_Na ~ Na -1.20E-01 8.12E-02 -1.45E+00 1.48E-01 -2.80E-01 4.18E-02 -1.30E-01 

PM2.5_Ca ~ Ca 0.00E+00 6.42E-04 -2.04E+00 4.15E-02 0.00E+00 0.00E+00 -1.70E-01 

PM2.5_K ~~ PM2.5_P 1.98E-04 1.81E-04 1.10E+00 2.72E-01 0.00E+00 5.52E-04 2.77E-01 

PM2.5_K ~~ PM2.5_Na 7.77E-02 3.26E-02 2.38E+00 1.71E-02 1.38E-02 1.42E-01 7.09E-01 

PM2.5_K ~~ PM2.5_Ca 1.51E-02 7.34E-03 2.06E+00 3.94E-02 7.32E-04 2.95E-02 5.77E-01 

PM2.5_P ~~ PM2.5_Na 2.48E-03 1.05E-03 2.37E+00 1.80E-02 4.25E-04 4.53E-03 7.00E-01 

PM2.5_P ~~ PM2.5_Ca 6.73E-04 2.62E-04 2.57E+00 1.02E-02 1.59E-04 1.19E-03 7.96E-01 

PM2.5_Na ~~ PM2.5_Ca 1.20E-01 4.27E-02 2.80E+00 5.10E-03 3.59E-02 2.03E-01 9.26E-01 
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Figure 4. Elemental relationships direction and strength for tree species (Conifers and Broad-leaf). Note: * = 

Statistically significant. 

 

Figure 5. Elemental relationships direction and strength for tree organs (Branches and Leaves). 

3.3.1. The Relationships of Elements in the Combustibles (Tree Species and Plant Organs) with 

Their Concentration in PM2.5. 

The emission from the coniferous tree species (CON) showed negative connection in the release 

of elements in the combustibles into PM2.5 emitted but all were insignificant except for Na and K 

(Table 2, Figure 4). The emission of Na, P, K, and Ca to PM2.5 from CON were estimated at a rate of 
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-0.45, -0.12, -0.23, and -0.40 respectively. In the PM2.5 from the broad-leaf tree species (BL), the 

elements in the combustibles had negative connection to the emission of the same elements in PM2.5 

except for Ca, estimated at 0.002 (Table 3, Figure 4). The emission of these elements during the 

combustion process were not statistically significant except for K with an estimate of -0.36. The 

estimated values for the contribution of Na and P in the combustibles to Na and P in PM2.5 were -

0.10 and -0.19 respectively. Different trends were observed in the effects of the elements concentration 

in the combustibles to the elements in PM2.5 for the plant organs (Branches and Leaves) assessed in 

this study (Table 4 & 5; Figure 5). The link between the elements in the branches and PM2.5 were 

positive except for Ca (-0.15) which was not statistically significant. Na, P, and K recorded 0.17, 0.42, 

and 0.39 estimated release in any increase in these elements in the combustibles but P and K relation 

to counterpart in PM2.5 were significant. The leaves had different trend from the branches in which 

only P to PM2.5 P relationship was positive and also statistically significant at an estimated increase 

of 0.45. The rest of the elements had negative estimation where Na, Ca, and K had -0.13, -0.17 and -

0.38 respectively and only Na was not statistically significant. 

3.3.2. The Relationships of Elements Within the PM2.5 Emitted from the Combustibles (Tree Species 

and Plant Organs) 

The interactions of the elements within the PM2.5 emitted from the combustibles (tree species 

and plant organs) were further assessed which revealed the direction and strength of their 

relationships (Figure 4 & 5). In the PM2.5 from the confers (Figure 4: CON), elements positively 

influenced one another but only the effect of Na to Ca (0.73) was statistically significant vice versa. 

The weakest interaction recorded for conifers is between Na and P (0.35) after K and Ca (0.40) which 

is had the same estimated strength with K and Na relationship. The second strongest relationship 

was between P and Ca (0.48) followed by P and K (0.42) relationship. The broad-leaf tree species had 

different trend with more statistically significant relationships (Figure 4: BL). The strongest 

relationship was recorded between K and P (0.71) followed by Na and Ca relationship having the 

same strength with Na and K relationship (0.61). The weakest relationship existed between K & Ca 

(0.57) after P & Na (0.37) and P & Ca (0.12) relationships. 

In the PM2.5 emitted from the plant organs (Figure 5); different relationship strengths were 

observed. In PM2.5 from the branches all the elements had statistically significant relationship to one 

another. Na & K presence in the PM2.5 from the branches strongly influenced each other with an 

estimated strength of 0.89 followed by K & Ca relationship with an estimate of 0.83 (Figure 5: B). The 

weakest was observed between P & Ca (0.65) followed by relationships between P & K (0.66), Na & 

P (0.73) and Na & Ca (0.78). In the PM2.5 from the leaves as compared to PM2.5 from the branches, 

the relationships differ with one insignificant relationship which is between P & K (0.28) though all 

the relationship were positive (Figure 5: L). The strongest relationship was between Na & Ca (0.93) 

followed by P & Ca (0.80), Na & K (0.71), Na & P (0.70), and K & Ca (0.58) relationships. 

4. Discussion 

This study presents a detailed assessment of the elemental composition of combustibles from 

coniferous and broad-leaf tree species in urban settings, with a focus on sodium (Na), potassium (K), 

phosphorus (P), and calcium (Ca). The findings show distinct variations in the elemental 

concentrations of these elements between tree species and plant organs (branches and leaves), as well 

as their influence on PM2.5 emissions. 

The study found that broad-leaf trees consistently exhibited higher concentrations of Na, K, and 

P compared to conifers, with the notable exception of Ca, where conifers demonstrated a slightly 

higher concentration. This aligns with previous research indicating that broad-leaf species often have 

greater nutrient accumulations due to their higher growth rates and leaf surface area, which facilitate 

nutrient uptake from the soil. A study done by (Zhang et al., 2020), explained the ability of conifers 

and broadleaf tree species differences in partitioning nutrients confirming our findings regarding K 

and P concentrations. When the organs were assessed, the leaves generally contained higher 
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concentrations of all assessed elements compared to branches, which is consistent with findings from 

(Vogt et al., 1987; Zhao et al., 2019). Their work suggested that leaves, being the primary site for 

photosynthesis, accumulate higher nutrient concentrations. The differences between branches and 

leaves emphasize the critical role that plant organ type plays in elemental profiles and combustion 

outcomes. 

The results reveal that Na was the most efficiently emitted element from both conifers and 

broad-leaf tree species though more efficient in conifers, suggesting species-specific combustion 

dynamics. This resilience in elemental emissions during combustion has been noted by 

(Chatoutsidou & Lazaridis, 2022), who emphasized the influence of source on the elemental makeup 

of particulate emissions. From trees’ organs (branches and leaves), there were variations in PM2.5 

elemental concentrations from branches compared to leaves, particularly for Na and P. The elements 

concentration in the PM2.5 emitted during combustion for both the tree species and trees’ organs did 

not reflect substantial link with the concentration of elements in the combustibles. This affirm that 

there are underlying factors and relationships that further influenced the concentration of these 

elements in PM2.5, this was also mentioned by (Tao et al., 2013). 

In comparison, the emission efficiency from the branches and leaves based on the concentration 

of the elements in the combustibles, the emission from the branches were more efficient as compared 

to the leaves. These differences are in line with the study done by (Jia et al., 2017) Which highlighted 

that the source of PM2.5 has greater role to play in determining its chemical composition. The study 

uniquely evaluated the emission efficiency of each element during combustion, highlighting that Na 

and P exhibited the highest rates of emission from both tree species and plant organs, promoting a 

deeper understanding of combustion dynamics. This resonates with the work by (Neville & Sarofim, 

1985; van Eyk et al., 2011), where Na's volatility during combustion processes was emphasized, 

reinforcing findings in this study. 

To further understand the relationships direction and strength that exist among the elements 

between combustibles and PM2.5 and also with PM2.5, SEM analysis was done. This analysis 

revealed complex relationships between elemental concentrations in combustibles and PM2.5 

emissions, showcasing both positive and negative correlations. The negative relationships for the 

elements in the combustibles and those in the PM2.5 suggested that increased concentrations in 

combustibles cannot necessarily lead to proportional elemental increases in PM2.5. This could 

potentially be linked to the complex interactions observed within the PM2.5 and also the chemical 

interactions of these elements during combustion could be another cause. The was more statistically 

significant relationships among PM2.5 elements from broad-leaf trees compared to conifers. From 

the plant organs, the branches had more significant values but the strongest relationship was 

recorded in PM2.5 from the leaves. This emphasized the importance of species and organ-specific 

biochemical behaviors during combustion, a theme echoed in previous literature which claimed 

variability in elemental interactions according to species types (Sardans et al., 2016) and organ types 

(Wang et al., 2019). 

5. Conclusions 

As revealed in this study, distinct differences in elemental concentrations between tree species, 

with broad-leaf trees showcasing consistently higher levels of Na, K, and P compared to conifers, 

while conifers recorded higher levels of Ca. This distinction underscores the inherent biological 

differences between species, particularly their physiological traits that enhance nutrients 

accumulation. The result further highlighted the Leaves with higher concentrations of all studied 

elements, confirming their role as vital sites for photosynthesis and nutrient storage.  

Notably, Na was found to be the most efficiently emitted element from both conifers and broad-

leaf trees though more efficient in conifers, indicating species-specific combustion and elemental 

release dynamics. The variability in PM2.5 elemental concentrations emitted from branches 

compared to leaves suggests complexities in how these emissions relate to the initial concentrations 

in combustibles.  
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Furthermore, the SEM analysis elucidated the intricate relationships among the elemental 

concentrations in combustibles and their corresponding concentrations in PM2.5 emitted. It 

illustrated that the concentrations of elements in combustibles is not the only factor that determines 

their concentration in PM2.5 emitted, highlighting the influence of underlying biochemical 

interactions during combustion processes. It was particularly noted that broad-leaf trees exhibited 

more statistically significant relationships in PM2.5 elemental composition compared to conifers, 

emphasizing the need to consider both tree species and organ characteristics when dealing with 

urban biomass-based PM2.5 elemental composition and toxicity. 

The highlighted findings in this study underscore the importance of understanding the 

elemental dynamics and interactions during combustion of urban forests wastes with different tree 

species, plant organs combustibles and PM2.5 emitted. To develop robust strategies for urban forests 

with different tree species and plant organs litters management, better understandings are needed 

on the underlying relationships that exist between elements in the combustibles & PM2.5, and within 

PM2.5 emitted.  

Funding: The study was financially supported by the grant from the National Natural Science Foundation of 

China (grant No. 32171807). 
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