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Abstract: Dust samples from indoor environments and outdoor roads on campuses of a vocational
university (University A) and a comprehensive university (University B) in East China were collected
and determined for heavy metals to investigate the pollution characteristics, sources, and potential risks
of these elements. Similar variation patterns in heavy metal content were available for both indoor and
outdoor dust samples, with great amounts of Zn and Mn, low levels of As and Cd, and comparable
concentrations of Pb, Cu, Cr, and Ni. Concentrations of Zn, Pb, Cu and Cd in dust were observed
frequently exceeding corresponding soil background values. Heavy metal concentrations were in low
to mediate levels comparing with results from some other universities at different regions. Zn in indoor
dust and of concentrations of Zn and Pb in outdoor dust at University A were observed significantly
higher than those at University B. At each campus, contents of several elements in indoor dust varied
among different functional zones. Correlation analysis and PCA results tended to suggest that in indoor
dust, these elements might mainly originated from natural sources, vehicle exhaust and building paint
weathering. In outdoor dust, these elements possibly mainly originated from natural sources, vehicle
exhaust, tire wear, and road construction materials. The geoaccumulation index (/g.o) values indicated
that As, Pb, Cr, Ni, and Mn in indoor dust from the two universities were both unpolluted, whereas Cu
and Cd were slightly polluted, and Zn were moderately polluted. In outdoor dust, As, Cu, Cr, Ni, and
Mn from University A and As, Pb, Cu, Cr, Ni, and Mn from University B were unpolluted, whereas
Zn, Pb, and Cd from University A and Zn and Cd from University B were slightly polluted. Health risk
assessment results showed that heavy metals in campus dust posed no non-carcinogenic/carcinogenic
health risks to teaching staff and students. Relatively elevated Cu and Zn tended to be the key elements
characterization the pollution pattern of vocational university.
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Heavy metals, characterized by high density (>4.5 g/cm®), persistence, and bioaccumulation are
ubiquitous in the environment, and continuously migrate and transform in the environment [1-3]. They
are toxic and harmful pollutants affecting ecological security and human health [4-6]. As, Cd, Cr, and
Ni are all carcinogenic [7-9]. Excessive intake of Cu and Zn can significantly affect human liver, kidney,
digestive system, and brain [10]. Monitoring heavy metal pollution in environmental matrices is always
a crucial task in environmental management.

Urban dust is an important carrier of varieties of pollutants including heavy metals. Pollutants in
dust can be transported to water, soil, and air through surface runoff and wind action, affecting urban
environmental quality [11]; and they can enter the human body through ingestion, inhalation, and dermal
contact [12-15], causing adverse health effects. Heavy metal pollution in dust exists in various micro-
environments such as urban roads [16], households [17-18], subways [19-20],classrooms [21], and
offices [22], directly or indirectly threatening public health.

University campuses are densely populated functional zones in cities. In the campus, faculty, staff,
and students, along with service personnel, reside, study, and work for long periods. A large number of
people circulate among functional zones on campus such as roads, dormitories, classrooms, cafeterias,
and libraries encountering different dust exposure conditions on a daily basis. Dust can enter the human
body through multiple pathways, and the heavy metals therein may affect the health of teachers and
students [21-23]. Currently, heavy metal pollution in campus dust has been given increasing concerns
and related studies mainly focus on comprehensive universities [24-26]. Comprehensive universities
commonly feature a broad spectrum of academic disciplines spanning science, engineering, and
humanities and social sciences[24]. In contrast, vocational schools are oriented toward skill cultivation,
with curricula closely aligned with industrial demands [21]. Elevated training processes may generate
heavy metal emissions that subsequently deposit and accumulate in both indoor and outdoor settings in
the campus of the vocational universities resulting in different heavy metal pollution pattern comparing
with the comprehensive ones. However, research on vocational colleges primarily focused on skill-
based talent cultivation remains relatively scarce. In addition, previous investigations focusing on the
metal pollution in the university campus were mainly conducted separately on either indoor dust or
outdoor road dust, limiting the comprehensive assessment of human exposure risks across different
functional zones within a campus environment. Conducting comparative investigations into the
characteristics of heavy metal contamination in dust across different types of universities, and assessing
the exposure doses and health risks faced by faculty and students under divergent educational models,
carries significant theoretical and practical implications.

In this study, two different categories of universities in East China were selected as research area
and dust samples from outdoor roads and different indoor zones on campus were collected.

Concentrations of typical heavy metals including As, Zn, Pb, Cu, Cd, Cr, Ni, and Mn were analyzed.
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The objectives were to 1) clarify the pollution characteristics of heavy metals in dusts on campus; 2)
identify potential sources of those elements; and 3) evaluate associated health risks of heavy metals to
faculty and students.

Materials and Methods

Study Area and Sample Collection

The study area comprised two different categories of universities located in Binzhou City,
Shandong Province, East China (Fig. 1). University A is a vocational college primarily cultivating junior
college students, established in 2001, with over 1,200 faculty and staff members and more than 20,000
full-time students. Its academic programs cover biological sciences, mechanical and electrical
engineering, chemical engineering, medical sciences, architecture, information engineering, and so on.
University B focuses on cultivating undergraduate and graduate students, with its campus inaugurated
in 2002. It has over 1,200 faculty and staff members and nearly 23,000 full-time students, offering
programs in aviation, ecological environment, biological sciences, mechanical and -electrical
engineering, chemical engineering, architecture, information engineering, and so forth. The two
universities are comparable in geographical location, campus scale, student population, and academic
disciplines, minimizing potential confounding from environmental background and human activity
intensity. Consequently, observed differences can be reasonably attributed to institutional type rather
than geographical or demographic variations.

Dust samples were collected in December 2025 when both faculty and students were on campus
conducting normal work and study activities. Outdoor dust was collected from campus roads with dry
surfaces and no rainfall for more than 15 consecutive days. Sampling points were evenly distributed. At
each sampling point, dust within a 2 m x 8 m area was carefully swept into polyethylene scoops using
clean brushes. Approximately 300 g of sample was collected and placed into polyethylene self-sealing
bags. Indoor dust was collected from various functional areas including office buildings, canteens,
teaching buildings, laboratory buildings, dormitories, gymnasiums, libraries, and supermarkets. Three
sampling points were set in each functional area. At each sampling point, dust was collected from
different floor areas using clean brushes and transferred into polyethylene self-sealing bags with
polyethylene scoops. The samples from each point were mixed to serve as a representative sample for
that location. All samples were brought back to the laboratory on the same day of collection. After
removing large debris, the samples were passed through a 100-mesh sieve, placed into polyethylene
self-sealing bags, and stored dry. A total of 24 outdoor samples and 21 indoor samples were collected

from University A, while 24 outdoor samples and 24 indoor samples were collected from University B.
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Figure 1. Location map of study area

Heavy Metal Determination

Dust samples were digested using an aqua regia method. Briefly, approximately 0.10 g of dust was

digested with 8 mL aqua regia (HCI:HNO3 = 3:1, v/v) on an electric hot plate for 2 h. The digests were

filtered and diluted to 50 mL with ultrapure water, and analyzed by inductively coupled plasma-optical

emission Spectrometry (ICP-OES, iCAP PRO X Duo, Thermo Fisher, Bremen, Germany). Each batch

of experiments included 1 procedural blank, 3 parallel samples, and 1 reference material (ERM-S-

510204). A calibration curve was constructed by plotting the response (y) against the concentration (X,

mg/L). The correlation coefficient (R?) was greater than 0.9997 (n= 8), and the linear range was 0.01—

10 mg/L. The recovery rates of the metals in the reference material were 84.7%-103.4%, and the

standard deviation of parallel samples was less than 5%.

Data Statistics and Analysis

Raw data were organized and calculated using WPS Office to obtain the statistical values of heavy

metal contents, geo-accumulation index (Igo), and human health risk assessment values. Significance

tests and principal component analysis (PCA) were performed using IBM SPSS Statistics 27. One-way

analysis of variance (one-way ANOVA) was employed to examine the significant differences in heavy

metal contents among different indoor and outdoor environments. Pearson correlation coefficients were

used to represent the correlations among heavy metals, as calculated by Origin 2024 Pro.

Heavy Metal Pollution Assessment



123 The pollution degree of heavy metals in dust was evaluated using the geo-accumulation index

124  [27], calculated as follows:

Ci
1.5xBi

125 I, =log, ( (D

126 Where /g, is the geo-accumulation index (/geo), Ci is the measured concentration of heavy metal 7,
127  and B; is the background value of heavy metal i of soils of Binzhou City [28]. Based on the /., value,
128  the metal pollution degree could be divided into 7 levels (Table 1).

129 Table 1. Classification of metal pollution degree based on Ig,
Class Lgeo value Pollution degree
I <0 No pollution
11 0-1 Slight pollution
I 1-2 Moderate pollution
v 2-3 Moderate severe pollution
v 34 Severe pollution
VI 4-5 Relatively severe pollution
VIl >5 Extremely severe pollution
130
131  Human Health Risk Assessment
132 According to the revised health risk model of the US EPA [29-30], the daily average exposure
133  doses of non-carcinogenic risk heavy metals were calculated as follows:
134 ADD;, == 2
135 ADD, =2 2D (3)
136 ADD,,~ CxSAxSLx;;iZETFxEDch ()
137 Where ADDing, ADDins, and ADDye, are the daily average exposure doses (mg-kg'-d!") through

138  ingestion, inhalation, and dermal contact, respectively; C is the heavy metal content in dust (mg-kg™);
139 IRy and IRy are the dust ingestion rate (mg-d™') and inhalation rate (m?-d™'"), respectively; EF is the
140  exposure frequency (d-a'); ED is the exposure duration (a); BW is the average body weight (kg); AT is
141 the average exposure time (d); PEF is the particle emission factor (m3-kg™'); S4 is the exposed skin area
142  (cm?); SL is the skin adherence factor (mg-cm?2-d'); ABS is the dermal absorption factor
143  (dimensionless); and CF is the conversion factor (kg':mg™).

144 For carcinogenic heavy metals As, Cd, Cr, and Ni, the daily average exposure dose through

145  inhalation was calculated as follows:

CXIRinh XEFXED
146 CADDinh = m (5)
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Where CADD,u; is the daily average exposure dose through inhalation (mg-kg™'-d!); AT is the

average exposure time for carcinogenic risk (d); and other parameters have the same meanings as

above. The parameter values in the assessment model are shown in Table 2.

Table 2. Human health risk exposure parameter values

Parameter Unit Value Reference
C mg-kg! Measured value This study

IRing mg-d! 100 [31]

IRinh m?-d’! 12.8 [21,32-33]
EF d-a’! 200 [21,26]

University A: .
Length of schooling: 3/4 years;

ED a 3(students),24(teachers);

Established in 2001/2002
University B: 4(students),23(teachers)
BW kg 58.6 [24,34]
EDx365 (non-carcinogenic), 70x365
AT d ) ] [35]
(carcinogenic)

PEF m?-kg! 1.36x10° [31]
SA cm? 5000 [21,26]
SL mg-cm2-d’! 1 [21,26]

Dimensionles
ABS 0.03 (As), 0.001 (others) [31]
]
CF kg mg! 1.00x10¢ [35]

The health risk of heavy metals in dust was calculated as follows:

_ ADDy;
HQ,'_ RfD[/. ( 6 )

HI= Y HQ, D
CR:ZR:ZCADDinh XSFinh (8)

Where HQ; is the non-carcinogenic health risk index of heavy metal #; HI is the total non-

carcinogenic risk index; ADDj; is the daily average exposure dose of non-carcinogenic heavy metal i

through pathway j (mg-kg'-d™!); RfDj is the reference dose of non-carcinogenic heavy metal i through

pathway j (mg'kg'!-d'); HI<I indicates no non-carcinogenic risk, while HI>1 indicates non-

carcinogenic risk. CR is the comprehensive carcinogenic risk value of multiple carcinogenic heavy

metals; R is the carcinogenic health risk index of heavy metal; SF;. is the slope factor of carcinogenic

6
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heavy metal i through inhalation exposure (kg-d-mg™); when CR<1x10, there is no carcinogenic risk;
when 1x10°<CR<1x10, it is an acceptable carcinogenic risk; when CR>1x104, it is an unacceptable
carcinogenic risk. The reference values of RfD;; and SF;.; for heavy metals are shown in Table 3.

Table 3. Non-carcinogenic risk reference dose values and carcinogenic risk slope reference values

RfDy/ (mg-kg!'-d! SFin/ (kg'd-mg™)
Element

Ingestion Inhalation Dermal Inhalation
As 3.00x10™* 1.23x10™* 3.00x10™ 4.30%x1073
Zn 3.00x107! 3.00x107! 6.00x1072 -
Pb 3.50x1073 3.52x1073 5.25x10™ -
Cu 4.00x1072 4.02x1072 1.20x1072 -
Cd 1.00x1073 1.00x1073 1.00x1073 6.30
Cr 3.00x1073 2.86x1073 6.00x107 42.00
Ni 2.00x1072 2.06x1072 5.40x1073 0.84
Mn 4.70X1072 1.40X 1073 2.40X1073

Note: Mn from reference [36], other elements from reference [21].

Results and Discussion
Heavy Metal Content Levels

The heavy metal concentrations in indoor and outdoor dust from the two universities are listed in
Table 4. For University A, the indoor dust concentrations of As, Zn, Pb, Cu, Cd, Cr, Ni, and Mn (mean
+ standard deviation, hereafter) were 5.71 + 4.65, 426.06 + 172.25, 31.58 & 15.24, 117.21 £ 192.44,
0.33 + 0.17, 84.62 + 80.86, 45.51 + 27.44, and 375.01 + 113.16 mg/kg, respectively, ranking in
descending order as Zn > Mn > Cu > Cr > Ni > Pb > As > Cd. The outdoor dust concentrations of these
elements were 4.48 £4.04, 195.00 £ 169.43, 52.18 £26.57, 28.78 £ 175.25,0.27 £ 0.16, 46.99 + 81.46,
22.70+26.83, and 333.54 + 131.00 mg/kg, respectively, ranking in descending order as Mn > Zn > Pb >
Cr> Cu > Ni > As > Cd. Except for Pb, all other elements showed higher indoor concentrations than
outdoor concentrations. For University B, the indoor dust concentrations of As, Zn, Pb, Cu, Cd, Cr, Ni,
and Mn were 5.00 £2.05, 278.81 + 147.19, 41.68 + 36.01, 59.50 + 30.56, 0.63 £ 1.10, 63.29 + 34.91,
35.26+14.93, and 386.10 + 187.81 mg/kg, respectively, ranking in descending order as Mn > Zn > Cr >
Cu > Pb > Ni > As > Cd. The outdoor dust concentrations were 3.99 + 0.97, 154.46 + 56.12, 35.50 +
15.87,25.45 +£8.71, 0.38 £ 0.11, 43.25 = 9.55, 21.34 £ 6.38, and 301.03 £+ 51.54 mg/kg, respectively,
ranking in descending order as Mn > Zn > Cr > Pb > Cu > Ni > As > Cd. Overall, the two universities
exhibited similar heavy metal pollution characteristics, with relatively high concentrations of Zn and
Mn, comparable levels of Pb, Cu, Cr, and Ni, and relatively low concentrations of As and Cd. All
elements exhibited higher indoor concentrations than outdoor concentrations. Indoor pollution sources

are diverse and persistent, may including building decoration materials, furniture and equipment, high-



187  density and long-term human occupancy, as well as the introduction of contaminants through shoes,
188  clothing, and cosmetics. Furthermore, the enclosed nature of indoor spaces limits dispersion and dilution,
189 facilitating pollutant accumulation. Comparing the two universities, the mean indoor concentrations of
190 As, Zn, Cu, Cr, and Ni in University A were higher than those in University B, whereas the mean indoor
191 concentrations of Pb, Cd, and Mn were lower. For outdoor dust, the mean concentrations of all elements
192  in University A except Cd were higher than those in University B. Statistically speaking, concentration
193  of Zn in indoor dust and of concentrations of Zn and Pb in outdoor dust at University A were observed
194  significantly higher than those at University B (p < 0.05). Cd concentrations in both the indoor and
195  outdoor dust at University B were greater than those in University B (p < 0.05).

196 Table 4. Heavy metal content in indoor and outdoor dust from the two universities (mg/kg)

Heavy metal As  Zn Pb Cu Cd Cr Ni Mn

Maximum 1771 769.95 7283 76153 096 427.11 125.83 615.40

Minimum 2.0 18212 1064 1322 0.1 3049 11.00 172.89
Indoor Mean 571 42606 3158 11721 033  84.62 4551 375.01
SD 465 17225 1524 19244 0.17 80.86 2744 113.16
University cv 082 040 048 164 052 096 060 030
A Maximum 821 35500 10592 103.82 0.55 7476 29.95 468.43
Minimum 169 3543 1182 639 0.0 832 1231 7421
Outdoor Mean 448 19500 5218 2878 027 4699 2270 333.54
SD 404 16943 2657 17525 0.16 8146 2683 131.00
cv 090 087 051 609 058 173 118 039
Maximum 8.68 637.39 178.59 149.61 5.8 165.66 73.79 97323
Minimum 179 9487 1077 2210 0.02 2859 1575 166.52
Indoor Mean 500 27881 4168 59.50 0.63 6329 3526 386.10
SD 205 147.19 3601 3056 1.10 3491 1493 187.8I
o cv 041 053 08 051 175 055 042 049
University B
Maximum 630 29478 68.81 4247 055 60.08 4649 44531
Minimum 278 4436 1096 1175 021 2621 1606 233.79
Outdoor Mean 3.99 15446 3550 2545 038 4325 2134  301.03
SD 097 5612 1587 871 0.1 955 638 5154
cv 024 036 045 034 029 022 030 017



Heavy metal As  Zn Pb Cu «d Cr Ni Mn

Background value 112 69.1 221 238 0.147 684 295 597

197 When compared with the soil background values of Binzhou City, the indoor dust from University
198 A had higher average concentrations of Zn, Pb, Cu, Cd, Cr, and Ni, which were 6.2, 1.4,4.9,2.2, 1.2,
199  and 1.5 times the background values, respectively, while those of As and Mn were below the background
200 values. In the outdoor dust from University A, average concentrations of Zn, Pb, Cu, and Cd were 2.8,
201 2.4, 1.2, and 1.8 times the background values, respectively, while the other elements were below the
202 background values. For University B, the average concentrations of Zn, Pb, Cu, Cd, and Ni in indoor
203 dust samples were 4.0, 1.9, 2.5, 4.3, and 1.2 times the background values, respectively, whereas As, Cr,
204  and Mn were below the background values. In the outdoor dust from University B, mean values of
205 concentrations of Zn, Pb, Cu, and Cd were 2.2, 1.6, 1.1, and 2.6 times the background values,
206  respectively, with the remaining elements below the background values. The above results suggested
207  emissions of Zn, Pb, Cu and Cd from anthropogenic activities exist in the university campuses.

208 Table 5 listed the levels of heavy metals in dusts from university campus of different regions. It
209  could be observed that the heavy metal concentrations in dusts at the two universities were generally at
210 low to medium levels among those investigations. As for the indoor dusts, the concentrations of Cd, Pb,
211 Cr, Zn, and Cu in this study were higher than those in four universities in Nigeria [37] and a school in
212 Malaysia [38], while the concentrations of As, Cd, Cr, Cu, Ni, Pb, and Zn were far lower than those in
213  auniversity in Guangdong, China [21]. The concentrations of Zn, Pb, and Cd were lower than those in
214 auniversity in Henan, China[26]. As for the outdoor dusts, the heavy metal levels in the present study
215  were lower than those in most urban road dusts [39-42], and the contents of Zn, Pb, Cu, Cd, Cr, and Ni

216  were lower than those in most universities in Beijing [24].

217 Table 5.Heavy metal levels in campus dust from different universities (mg/kg)
Heavy metal As Zn Pb Cu cd Cr Ni  Mn
University A/China(This 571 42606  31.58 11721  0.33 84.62 4551 375.01
studv)
University B/China(This 500 278.81  41.68 5950  0.63 6329 3526 386.10
studv)

Federal University of Technol
Oov. Akure/Nioerial371
Federal College of

Indoor  Agriculture,
Akure/Nioerial371
Ondo State College of Health

- 0.23 0.02 0.200 ND 0.17 - -

- 0.24 0.11 0.31 0.02 0.25 - -

Science Technology, Akure/ ) 0.11 0.05 0.24 0.01 0.12 - -
Nieoerial371

Adeyemi College of - 0.25 0.07 0.18 0.01 0.20 - -
FEducation. Ondo/Nicerial371

A certain school in Rawang 0.02 12.5 0.005 096 0.0l 0.05 0.53 .

/Malavsial3R1



Heavy metal As Zn Pb Cu cd Cr Ni Mn

A certain university in
Henan/Chinal261

- 44490 10944 56.35 1.45 7825  34.01 -

A certain university in 58.54 3909.31 31590 356.16 535 49439 200.59 -
Gnanodone /Chinal?211

University A/China(This 448 19500 52.18 2878 027 4699 2270 333.54
amdv)

University B/China(This 3.99 15446 3550 2545 038 4325 2134  301.03
amdv)

Tsinghua - 212.01 3211  52.68 1.01 68.54  31.03 -

T Tniversitv/Chinal241

Pekine Universite/Chinal24] - 14592 2876 3888 022 4887  22.04 -

Renmin University of
China/Chinal?41

Beijing Normal
TTniversitv/Chinal241
Beijing University of Posts

Outdoor  and ; 42068 7324 8826  0.87 8861  27.06 ;
Telecommunications/China[24

1

Reiiine Institute of - 286.04 3827 7200 070 7323  38.86 -
Technoloov/Chinal?241
Reiiino Foreign Study
TTniversitv/Chinal?241
Central TTniversity for
Nationalities/Chinal?241

Reiiino TTniversity of

- 351.56 8294 9994 0.65 9393  35.02 -

- 328.71 75.11  151.25  0.60 139.60  39.59 -

- 221.11 41.66  69.55 0.53 76.01 31.34 -

- 342.12 68.04 7598 1.77 78.71 40.39 -

- 304.10 50.18  84.88 0.64 84.11 38.57 -

Chemical
Technoloov/Chinal241

Beijing University of Chinese - 47088 5270  90.72  0.75  99.07  36.38 -
Medicine/Chinal241

218

219  Pollution Characteristics of Indoor and Outdoor Heavy Metals

220 The heavy metal concentrations in dusts from 7 types of indoor environments at University A and
221 8 types of indoor environments at University B were shown in Figure 2. It could be observed that heavy
222  metal concentrations in dusts varied among different functional zones.

223 For University A, the highest As concentration was observed in the office building (13.54 mg/kg),
224  which was significantly higher than those in the library, teaching building, laboratory, canteen, and
225  gymnasium. The highest Zn concentration was found in the gymnasium (639.39 mg/kg), significantly
226  higher than those in the office building, laboratory, and dormitory, likely reflecting the high-frequency
227  use of sports facilities (metal equipment wear and floor coating). The highest Pb concentration was
228  detected in the laboratory (50.52 mg/kg), significantly higher than those in the office building, teaching
229  building, and dormitory, may be related to practical training activities. The highest Cu concentration
230  was recorded in the teaching building (503.69 mg/kg), significantly higher than those in all other

231 functional areas, likely reflecting the peeling of indoor coatings, mechanical wear of metallic materials
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Figure2. Heavy Metal Content in Dust from Different Indoor Environments at the two Universities

on seats[26]. No significant differences were observed in the concentrations of Cd, Cr, Ni, and Mn

among the different indoor environments. For University B, the highest As concentration was observed

in the laboratory (7.09 mg/kg), significantly higher than that in the dormitory (2.81 mg/kg), may be

related to experimental activities and aged building decoration materials. The highest Cd concentration

was detected in the supermarket (2.40 mg/kg), significantly higher than those in the office building,
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teaching building, laboratory, canteen, gymnasium, and dormitory, indicating more significant inputs
from supermarket logistics packaging and shelf coatings. The highest Cr concentration was found in the
dormitory (117.65 mg/kg), significantly higher than those in the office building, campus supermarket,
teaching building, gymnasium, and library, indicating more significant inputs from dormitory
renovation materials and metal furniture. No significant differences were found in the concentrations of
Zn, Pb, Cu, Ni, and Mn among the different indoor environments.

Comparison of indoor heavy metal concentrations between the two universities revealed that the
As concentration in offices, Cr concentration in laboratories, Cu concentration in gymnasiums, and Zn
concentration in libraries of University A were significantly higher than those of University B (p <0.05).
Conversely, the As concentration in the libraries of University A was significantly lower than that of
University B (p < 0.05). No other significant differences were detected.

As for the results in outdoor samples (Figure 3), no significant difference was observed between
the high-traffic intensity roads and the low-traffic intensity roads at either university. Dust-borne heavy
metals originate not only from traffic activities, but also from pavement materials and atmospheric
deposition [12,24]. Vehicle movement and wind can repeatedly resuspend dust, facilitating its migration
and re-deposition elsewhere. At the campus scale, despite varying traffic intensities, the overall heavy
metal concentrations in the roads tend to be homogeneous. Under high traffic intensity, the Cd
concentration at University A was significantly lower than that at University B (p < 0.05). Conversely,
under low traffic intensity, the Pb and Ni concentrations at University A were significantly higher than
those at University B (p < 0.05), with no other significant differences detected. The two universities had
comparable founding years and campus scales. Moreover, as both are located within the same urban
district with limited spatial extent and similar surrounding environmental conditions, traffic intensity

had a relatively minor influence on most heavy metals in outdoor dust at the two universities.
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Figure3. Heavy Metal Content in Dust from Roads with different traffic intensity at the two universities
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Source Analysis of Heavy Metals

Heavy metals in dust are influenced by both natural and anthropogenic factors. The similarity of
sources can lead to certain correlations between different elements [43-44], and correlation analysis is
an important basis for inferring heavy metal sources. In the present study, the Pearson correlation
analysis results of heavy metals in indoor and outdoor dusts were shown in Figure 4. In indoor dust
from University A, extremely significant correlations were found between Pb and Cd, as well as between
Cu and Ni, while significant correlations were observed between Zn and Ni, and between Cr and Mn.
In indoor dust from University B, extremely significant correlations existed between Pb and As, Cu,
and Ni; between Cu and Cd, Cr, and Ni; and between Ni and Cr, whereas significant correlations were
found between Cu and As, Zn, and between Zn and Mn. These results indicate that the sources of heavy
metals in indoor dust from both universities are relatively complex.

In outdoor dust from University A, Zn showed extremely significant correlations with all other
elements except As; Ni exhibited significant or extremely significant correlations with all other elements
except As and Cr; and Mn displayed significant or extremely significant correlations with all other
elements except Pb and Cd. Additionally, significant correlations were observed between As and Cr,
Mn, as well as between Pb and Zn, Cd, and Ni. These findings suggest that the sources of heavy metals
in outdoor dust from University A are relatively concentrated. In outdoor dust from University B, Zn
showed significant correlations with all other elements except As and Mn; Pb exhibited extremely
significant correlations with Zn, Cu, and Cr, as well as between As and Mn; Cu showed significant
correlations with Zn, Pb, Cd, and Cr; and Cr displayed significant correlations with Zn, Pb, Cu, and Ni.

These results indicate that the sources of heavy metals in outdoor dust from University B are relatively

complex.
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Figure 4. Pearson correlation coefficients of heavy metals in dust

In addition to natural sources, heavy metals are greatly affected by human activities. To further
analyze the sources of heavy metals, principal component analysis (PCA) was performed on the heavy
metal data. The factor loadings of heavy metals were shown in Figure 5. For indoor dust in university
A, three principal components were extracted, explaining 31.5%, 26.6%, and 15.3% of the total
variance, respectively. Zn, Cu, Cr, Ni, and Mn had high loadings on the first principal component (0.743,
0.616, 0.607, 0.835, and 0.613, respectively). These elements might mainly originated from vehicle
exhaust drifting indoors [45] and peeling wall paint [46-47]. Pb and Cd had high loadings on the second
principal component (0.789 and 0.866, respectively), possibly from vehicle exhaust [45]. As had a high
loading on the third principal component (0.850), and because its content was lower than the local soil
background value, it was speculated to likely come from natural geochemical processes. For outdoor
dust, two principal components were extracted, explaining 50.1% and 26.6% of the total variance,
respectively. Zn, Pb, Cu, Cd, Cr, Ni, and Mn had high loadings on the first principal component (0.910,
0.682, 0.732, 0.649, 0.713, 0.816, and 0.701, respectively), indicating that they might have the same
sources or behaviors. In addition to natural sources, they might also come from vehicle exhaust
emissions [45], tire wear [48], and road construction materials [49]. As had a high loading on the second
principal component (0.844), possibly from natural geochemical processes.

The principal component analysis (PCA) results for University B indicated that three principal
components were extracted for indoor dust, explaining 45.0%, 17.0%, and 15.5% of the total variance,
respectively. As, Zn, Pb, Cu, Cd, and Ni showed high loadings in the first principal component, with
values of 0.620, 0.656, 0.708, 0.922, 0.595, and 0.838, respectively. These elements might originate
from vehicle exhaust drifting indoors [45] and peeling wall paint [46-47]. Cr exhibited a high loading
in the second principal component, with a value of -0.775, possibly derived from vehicle exhaust [45].

Mn showed a high loading in the third principal component, with a value of 0.784; as its concentration
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was lower than the local soil background value, it is speculated to likely originate from natural
geochemical processes.

For outdoor dust, three principal components were extracted, explaining 43.4%, 25.2%, and 14.6%
of the total variance, respectively. Zn, Pb, Cu, and Cr showed high loadings in the first principal
component, with values of 0.922, 0.862, 0.719, and 0.854, respectively, possibly originating from
vehicle exhaust emissions [45], tire wear [48], and road construction materials [49]. As and Mn
exhibited high loadings in the second principal component, with values 0f 0.931 and 0.867, respectively,
likely derived from natural geochemical processes. Cd showed a high loading in the third principal

component, with a value of 0.871, possibly originating from road construction materials [49].
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Figure 5. Distribution of heavy metal load in the dust
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Assessment of Heavy Metal Pollution Degree

The geoaccumulation index was used to evaluate the pollution degree of heavy metals in indoor
and outdoor dust from two universities, as shown in Figure 6 and 7, respectively. The indoor dust heavy
metals in the two universities exhibited similar pollution characteristics. The average Iy values of As,
Pb, Cr, Ni, and Mn were all bellow 0, with University A showing values of -1.90, -0.24, -0.58, -0.17,
and -1.32, respectively, and University B showing values of -1.88, -0.04, -0.87, -0.46, and -1.34,
respectively, indicating no pollution to the environment. The average g, values of Cu and Cd ranged
between 0 and 1, with University A showing 0.82 and 0.42, and university B showing 0.57 and 0.29,
respectively, indicating slight pollution to the environment. The Ig, values of Zn in dust from University
A and University B were 1.91 and 1.21, respectively, both greater than 1, indicating moderate pollution
to the environment. In indoor dust from University A, the average Iy values of Zn, Cu, Cr, Ni, and Mn
were higher than those in University B, while the average Iy values of As, Pb, and Cd were lower than
those in University B.

In outdoor dust from University A, the average Igeo values of As, Cu, Cr, Ni, and Mn were -2.03, -
0.59, -1.29, -0.99, and -1.52, respectively, while those of As, Pb, Cu, Cr, Ni, and Mn in outdoor dust
from University B were -2.11, -0.06, -0.58, -1.28, -1.10, and -1.59, respectively, all less than O,
indicating no pollution to the environment. The average I, values of Zn, Pb, and Cd in outdoor dust
from University A were 0.76, 0.44, and 0.15, respectively, while those of Zn and Cd in outdoor dust
from University B were 0.47 and 0.72, respectively, ranging between 0 and 1, indicating slight pollution
to the environment. In outdoor dust from University A, the average g, values of As, Zn, Pb, Ni, and
Mn were higher than those in University B, while the average g, values of Cr, Cu, and Cd were lower
than those in University B. Compared with research results from some universities in Beijing, the
pollution degrees of Pb, Zn, and Ni were consistent, while the pollution degrees of Cr, Cu, and Cd were

lower in our study [24].
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364  Health Risk Assessment of Heavy Metals
365 The non-carcinogenic risk values of heavy metals in dust through ingestion, inhalation, and dermal

366  contact were shown in Table 6. The HI values of 8 heavy metals were in the order of Cr > As > Mn >

367  Pb>Cu>Ni>Cd > Zn at University A and in the order of Cr > As > Mn >Pb > Cd > Ni> Cu > Zn
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at University B, and all less than 1, indicating no non-carcinogenic health risk caused by all these
elements. From the perspective of different exposure pathways, the total HI values of various heavy
metals were in the order: dermal contact > ingestion > inhalation . The HI value of Cd in dust at

University A is lower than that at University B, while the HI values of the other seven elements are all

higher than those at University B.
Table 6. Non-carcinogenic risk values of heavy metals in dust through different exposure pathways
University A University B
Heavy metal HI HI
HQing HQinh HQder HQing HQinh HQder

. 3.93x10°

As 1.57%102  3.62x10°2.36x10 , 140102 390x106  2.10x102 3.51x102

s 888x10- 236x10r  18X10 ’ .

7n 9.44x10r S = 3 6.75%10 6.35%10°8 1.69x104  8.44x10
1.06x10-  3.79x10- 1 >2X10

Pb 1.14x1072 - e ) 1.03x1072 9.65%107 344x103  1.37%1072

s 1s3x10- 273x100  1OPXIO " ;

Cu 1.64%10 = e 3 9.93%x10" 9.30%108 1.65x104 1.16x10"

s 263%100  140x10-  O8X10 4 3

cd 2.79%10" oo 5 3 4.71%10" 4.44%108 236x103  2.83x10°
. ~ 7.06%x10"

Cr 201x102 199107 5.03x10 > 1.66x102 | eax10*  4.15x102 5.83x107
142x10-  2.89x10- 18I0

Ni 1.56x1073 i % 3 1.32x1073 1.21x107 2.45%10* 1.57x1073

s 22x100 687x10- OO 3 >

Mn 7.02%10" ] o R 6.84%10" 2.16%10°3 6.69%x103  1.57x10°
2.42%10°  8.68x10°  1.48%x10"

HI 5.86x1072 s 5 . 5.12x1072 2.33x10°3 7.56x102  1.29x10"!

Considering the indoor and outdoor exposure conditions, Table 7 presented the HI values of dust
heavy metals via different exposure pathways in both indoor and outdoor dust. The HI values were all
less than 1, which was consistent with research results from some other universities [21,24,26]. The
total HI values of all elements were higher indoors than outdoors at the two universities. Except for Pb,
the HI values of other elements in indoor dust were higher than those in outdoor dust at University A,
while the HI values of all elements in indoor dust were higher than those in outdoor dust at University
B. The total HI values of all elements, both indoors and outdoors, at University A are higher than those
at University B. Specifically, the indoor HI values of As, Zn, Cu, Cr, and Ni at University A are higher
than those at University B, while the indoor HI values of Pb, Cd, and Mn are lower than those at

university B. Except for Cd, the outdoor HI values of other elements at University A are higher than
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those at University B.The indoor HI values at University A were in the order of Cr > As > Mn > Pb >

Cu > Ni>Cd > Zn, whereas the indoor HI values at University B were in the order of Cr > As > Mn >

Pb > Cd > Ni> Cu> Zn. The outdoor HI values at University A were in the order of Cr >As > Pb > Mn

> Cd > Ni > Cu > Zn, whereas the outdoor HI values at University B were in the order of Cr > As > Mn
>Pb>Cd>Ni>Cu>Z7n.
Table 7. Non-carcinogenic risk values for indoor and outdoor heavy metals
Indoor Outdoor
Heavy metal
HQing HQiuh HQder HI HQing HQinh HQder HI

As 1.78x102  4.08x106  2.67x102 445x10%  1.40x10% 3635106 237x102 3.77x107

Zn 133103 1.25x107  3.32x10% 1.66x10°  6.08x10* g 9gx10t 2.38x104  8.46x10*

Pb 8.44x103  7.89x107 2.81x103 L.13x107  1.39x107 1 gex106 3.77x10%  1.77x107

Cu 2.74x10%  2.57x107  4.57x10%  3:20x10°  6.73x10* | 56x107 2.77x104  9.50x10*

University

A Cd  3.05x10% 2.87x10° 1.53x10° 1.84x10°  2.56x10% 5 634108 1.40x103  1.66x107
Cr 2.64x102  2.60x10%*  6.59x102 9.26x102 1.46x102 2.00x10%  5.06x102 6.54x102

Ni 2.13x10%  1.94x107  3.94x10% 2.52x10°  1.06x10° | 44x107 291x104  1.35x107

Mn  7.46x103  236x103  7.31x10° 171x10%2  6.64x10° 5994103  g88x103  1.57x107

HI 6.66x102  2.63x10°  1.05x10  1.75x107  5.17x102  2.43x10°  8.72x102  1.41x10"!

As  1.56x102 358x106  234x102  3.90x107  1.25x10%  5g6x10¢ 1.87x102  3.12x107

7n 8.69x10* 8.18x10°  2.17x10* 1.09x103  4.81x10* 4.53x10°%  1.20x104 6.01x10*

Pb 1.11x1072 1.04x10°¢  3.71x1073 1.48x1072 9.49x1073 8.88x107  3.16x10°3 1.27x102

Cu 1.39x1073 1.30x107 2.32x10* 1.62x1073 5.95x10* 557x10°  9.91x10° 6.94x10*

University . 3 4 3
B cd 5.89x10%  554x10® 2.94x103 3.53x10° 3.54x10%  333x10%  1.77x1073 2.12%x10"
cr 197X10% 1 95x104  4.93x102  6.92x10%  1.35x10% 33104 337x102  4.73x102

Ni  165X10%  j51xj07  3.05x104  1.96X10°  9.98x10% g ypxj0®  185x10¢  1.18x107

Mn 7.68x1073 2.43%x103  7.52x1073 1.76x1072 5.99x1073 1.89x103  5.86x1073 1.37x1072

I 5-86x102  2.63x103  8.76x102  149x107  439x102  2.03x10°  636x102  1.10x10°

The carcinogenic risk (CR) values of As, Cd, Cr, and Ni through inhalation to students and faculties

were calculated separately, as shown in Table 8. The CR values were all less than 1x10°. Thus no

carcinogenic risk from inhalation could be cause by heavy metals, which was consistent with research

results from other universities [21,26,32,50]. The carcinogenic risk order for both students and teachers

1
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at University A, both indoors and outdoors, was Cr > Ni > Cd > As. For University B, the indoor
carcinogenic risk order for both students and teachers was Cd > Cr > Ni > As, while the outdoor
carcinogenic risk order for both students and teachers was Cr > Cd > Ni > As.

The indoor carcinogenic risk values for both students and faculties were higher than outdoor values,
and faculties had higher carcinogenic risk values than students due to longer exposure duration.The total
indoor and outdoor carcinogenic risks for students at University A were both lower than those at
University B, while the total indoor and outdoor carcinogenic risks for teachers at University A were
both higher than those at University B.

Table 8. Carcinogenic risk values of heavy metals in dust

Students Teachers
Heavy metal
Indoor Rinn Outdoor Rinn IndoorRinn Outdoor Rinn
As 9.26x10°14 8.22x1014 7.41x10°13 6.57x10713
Cd 7.75%10712 7.11x10712 6.20x1011 5.68x1011
University A Cr 1.34x10° 1.03x10° 1.07x107 8.24x10°8
Ni 1.44x1010 1.06x101° 1.15x107 8.52x10°10
CR 1.36x108 1.04x108 1.08x107 8.33x108
As 1.08x10°13 8.64x1014 6.22x10°13 4.97x10713
Cd 8.83x10° 4.89x10°° 5.08x108 2.81x108
University B Cr 8.80x10° 7.50x10° 5.06x10°8 431x10°%
Ni 2.51x10°1° 1.07x101° 1.45x107° 6.18x10°1°
CR 1.79x108 1.25x108 1.03x107 7.18x108

Comparison of heavy metal pollution in dust of the two types of university

A comparison of heavy metal pollution characteristics in campus dust of the two universities was
presented in Table 9. As for the pollution levels, Mn and Zn were abundant, while As and Cd were
present in relatively small amounts, and this pattern was observed at both universities. Zn, Pb, Cu and
Cd were frequently observed with concentrations exceeding the corresponding soil background values.
Several elements showed significantly higher concentrations in certain functional zones, suggesting that
human activities may affect the spatial distribution of heavy metals in dust. The heavy metal pollution
degrees were relatively comparable between the two universities, with Zn and Cd mainly at low to
moderate pollution levels. Regarding non-carcinogenic health risks, dermal contact and ingestion were

the dominant exposure pathways, and Cr was the primary contributing element. Cr was also the major
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contributor to carcinogenic risk. Regarding speculated sources, dust heavy metal concentrations were
determined by both natural factors and anthropogenic activities, with different elements affected to
different extents.

As mentioned above, the average concentrations of metals (except Cd) in both indoor and outdoor
dust samples were generally higher at vocational University A. The average concentrations of Zn in
indoor dust and of Zn and Pb in outdoor dust at vocational University A were significantly higher than
those at comprehensive University B (p < 0.05). In contrast, the Cd concentration in campus dust at
University A was significantly lower than that at University B (p < 0.05). This might suggest that
elevated Cu and Zn are characteristic elements in the dust of the vocational university. The relatively
high concentrations of Cd at the comprehensive university might be attributed to the greater human
activity intensity and higher population density on campus (~190 persons/ha in University B vs. ~150
persons/ha in University A). The sources of individual elements in different dust types may vary
between the two universities due to differences in human activity intensity.

The present study has certain limitations, too. For example, dust samples in this study were
collected merely in winter ignoring the seasonal variations, inter-semester differences and activity-
scheduled disparities. Actually, teaching activity arrangements in the universities differ across semesters,
potentially resulting in differing exposure levels and durations for students and faculty and staff.
Subsequent detailed investigations could be performed in accordance with actual semester teaching
schedules. Besides, future research could incorporate the particle size information to comprehensively
reveal the bioavailability and potential human exposure risks across various particle size fractions. The
contamination of heavy metals in the campus dust should be explored in a more precise and

comprehensive manner.

Table 9. Comparison of heavy metal pollution characteristics in dust from Universities A and B

University A University B

Indoor

Outdoor

Indoor

Outdoor

Order of elements
content

Elements exceeding
background values

Elements with

greater
concentrations

Major polluting
elements

Zn > Mn > Cu > Cr >
Ni>Pb>As>Cd

Zn, Pb, Cu, Cd, Cr, and
Ni

Zn

As / office building;
Zn / gymnasium;

Pb / laboratory;

Cu / teaching building

Mn > Zn > Pb >
Cr > Cu > Ni >
As>Cd

Zn, Pb, Cu, and
Cd

Zn, Pb

Mn, Zn

Mn > Zn > Cr > Cu >
Pb>Ni>As>Cd

Zn, Pb, Cu, Cd, and Ni

Cd

As / laboratory;
Cd / supermarket;
Cr / dormitory

Mn > Zn > Cr >
Pb > Cu > Ni >
As>Cd

Zn, Pb, Cu, and Cd

Cd

Mn, Zn




441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463

No pollution: As, Pb, Cr,

No pollution : As,

No pollution: As, Pb, Cr,
Ni, Ml’l:

No pollution: As, Pb,

. Ni, Mn; Cu, Cr, Ni, Mn; . . Cu, Cr, Ni, Mn;
Slight pollution : Cu, o5 Nh VI
Pollution degree Slight pollution: Cu,Cd:  Slight pollution : .5 P00 % Slight pollution: Zn,
Moderate pollution: Zn Zn, Pb, Cd ’ Cd

Moderate pollution: Zn

Major non-
Jor non- dermal contact; dermal contact; dermal contact; dermal contact;
carcinogenic . . . . . . . .
ngestion ngestion ngestion ngestion
exposure pathways
Major non-
carcinogenic risk Cr Cr Cr Cr
elements
Major carcinogeni
Jor CATCIOBENIC ¢y Cr Cd, Cr Cr

risk elements

Zn, Cu, Cr, Ni, and Mn:

Zn, Pb, Cu, Cd, Cr,

Zn, Pb, Cu, and Cr:
vehicle exhaust

. o Ni, and Mn As, Zn, Pb, Cu, Cd, and o N
vehicle exhaust drlftlng hicl h Ni hicl haust emissions , tire wear,
indoors and peeling wall ~VOMCe - X aust te vemele exhaust and road construction
. . emissions, tire wear ,  drifting indoors and peeling .
Major sources paint; : materials.

Pb and Cd hicl and road  wall paint. As and Mn tural
haust P construction Cr: vehicle exhaust; esochemicai rr(l)e(l:esrsaes

Zx aust; | materials; Mn: natural sources gC d: road P ’
§: natural sources As: natural sources :

construction materials

Conclusions

Urban dust is a significant carrier of heavy metals and universities with large numbers of faculty
and students are key population hubs. The present study investigated the heavy metals in indoor and
outdoor dust from two different categories of universities, providing insights regarding heavy metal
pollution in higher education environments. Average concentrations of most elements exceeded local
soil background levels, suggesting extra anthropogenic inputs existed. All elements except Pb at
university A showed higher concentrations indoors than outdoors, indicating distinct contamination
profiles between indoor microenvironments and outdoor traffic corridors. Those metal elments were
with complex sources and varying anthropogenic activities leading to divergent pollution profiles across
indoor and outdoor environments as well as different functional zones. Traffic, construction, and other
human activities were considered key contributors to most heavy metals in dust. Cu and Zn seemed to
be the key elements characterization the pollution pattern of vocational university. /g, results indicated
varying degrees of contamination for different heavy metals, with Zn posing moderate pollution. Health
risk characterization demonstrated that both non-carcinogenic and carcinogenic risks remained within
acceptable thresholds for all assessed metals, with dermal contact and ingestion representing the primary
exposure pathways. Future research should expand surveillance to diverse universities and establish
longitudinal monitoring frameworks to refine environmental health benchmarks for educational
settings.
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