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A B S T R A C T   

Volatile organic compounds (VOCs) like acetone, ethyl and n-butyl acetate, toluene, and formaldehyde have 
been measured inside nail salons, where they are emitted from nail care products. Exposure to these compounds 
can have negative health impacts on both workers and costumers, as well as the environment. The objectives of 
this research were to characterize VOC emissions from typical nail care products and to investigate VOC removal 
by 3 low-cost adsorbent materials (coco coir, biochar, and activated carbon). The removal studies were per
formed using acetone as the model VOC in both chamber experiments and mathematical models. The chamber 
experiments were conducted under both passive and active flow conditions using synthetic jet actuators to 
determine the effect of local ventilation on the rate of removal. Mass-normalized adsorption rates were deter
mined for acetone using nth-order rate equations. Adsorption rate models were then developed for all adsorbent 
materials under both flow conditions and used to estimate the effect of low-cost adsorbents in an actual nail 
salon. Activated carbon provided the best VOC removal compared to the other 2 adsorbent materials tested. The 
use of active flow with synthetic jets was also shown to enhance adsorption processes for both biochar and 
activated carbon, but not for coco coir. Model results predicted activated carbon with active flow enhancement 
could achieve an effective ventilation rate of nearly 300 m3 h� 1 if 250 kg were placed in a 1400 m3 salon.   

1. Introduction 

Americans work an average of 34.5 h per week [1] and spend close to 
90% of their time indoors [2]. Consequently, much of their exposure to 
airborne pollutants occurs indoors, including occupational environ
ments. Volatile organic compounds (VOCs) are air pollutants ubiquitous 
in the indoor environment, and hundreds of them have been measured 
inside non-industrial buildings [3]. VOCs have also been found in 
workplaces, where industrial operations and solvent use can release 
them into the air [4]. Previous studies in nail salons identified VOCs like 
acetone, toluene, ethyl acetate, methyl methacrylate, and formaldehyde 
[5–7], which are emitted from nail products [8,9]. Exposure to these 
compounds is known to cause skin, eye, and respiratory irritation as well 
as headaches, neurological issues [10], reproductive complications 
[11], and cancer [12]. 

Mitigating occupational exposures to indoor air pollution has tradi
tionally been accomplished by increasing the ventilation rate of a 
building. Ventilation problems in nail salons have been documented, 

including non-functioning [13] and undersized [14] ventilation systems. 
While some states and municipalities have adopted ventilation stan
dards that apply to nail salons, including the International Mechanical 
Code [15], many of these rules only apply to new salons and include 
vague language that provides limited guidance [16]. Pavilonis [17] 
investigated VOC levels at salons in the state of New York, which has 
specific ventilation requirements for new and existing nail salons, and 
found that CO2 levels correlated strongly with VOC concentrations. 
Furthermore, when CO2 levels exceeded target concentrations set by the 
American National Standards Institute/American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ANSI/ASHRAE), a nearly 
tenfold increase in VOC levels was observed. 

Many VOCs commonly found in the indoor environment could be 
removed from the air through adsorption. The adsorption process in
volves gas-phase molecules (adsorbates) bonding to the solid surface of a 
material (adsorbent) through physical or chemical processes [18]. In 
contrast to chemical adsorption, physical adsorption processes are 
reversible, and adsorbents can be regenerated thermally [19]. In the 
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indoor environment, adsorbent materials have been shown to act as VOC 
sinks, reducing concentrations of indoor pollutants when ventilation 
rates are insufficient [20]. In some cases, natural and engineered sorbent 
materials have been used to create passive, diffusion-based VOC 
removal systems for the built environment, which can improve indoor 
air quality [21,22]. 

Alternative, sustainable adsorbents like biochar [23,24] and 
char-based activated carbon from agricultural feedstocks [25] have 
received some attention in recent years as potential VOC adsorbents. 
Raw, natural adsorbent materials like coconut husk (coco coir) [26,27] 
and rice husk [28] have also been investigated, primarily for 
water-quality applications. Despite the popularity of these adsorbent 
materials, and claims that they may be more environmentally friendly 
than traditional adsorbents [23], relatively little is known about their 
adsorption potential, especially with regard to VOC removal. 

Among factors that influence adsorption processes are near-surface 
fluid conditions [29], which can be controlled and optimized. Syn
thetic jet actuators (SJAs) are low-cost, energy efficient devices used to 
generate jet flows and have been shown to affect the direction of air 
flows in a room [30] and to enhance the removal of pollutants from 
indoor air [31,32]. One recent study [33] also found that vortex rings 
from synthetic jets can penetrate through porous surfaces, and even 
form downstream transmitted vortex rings. 

The goal of this study was to quantify VOC emissions from common 
nail care products and assess the capability of 3 affordable adsorbents to 
remove emissions of acetone, as a model VOC, using controlled experi
ments and mathematical models. In this study, the total VOC content 
from a common nail polish remover was determined using gravimetric 
and headspace analyses. The VOC emissions from this product were also 
determined in a closed environmental chamber. VOC removal using 
coco coir, biochar, and activated carbon as adsorbent materials was 
investigated in this closed chamber under both passive and active flow 
conditions using SJAs. VOC removal rate models were then developed 
for these 3 adsorbents under both flow conditions. The resulting models 
were applied to time-resolved VOC concentration data from a previous 
field study to estimate the impact these materials could have on air 
quality inside an actual nail salon. 

2. Materials 

2.1. Nail care products 

Five nail care products (3 nail polishes and 2 nail polish removers) 
were used in this study and are listed in Supplementary Information 
Table S1, along with product information provided in the manufacturer 
safety data sheet (SDS). All products were obtained from retail stores or 
nail salons in the Denver-Boulder, CO area. A single acetone-based nail 
polish remover (product PR-2) was then used in the VOC removal ex
periments and modeling exercises. All nail care products used were 
obtained new, in sealed containers, and were stored in a temperature- 

controlled environment throughout the duration of the study. All VOC 
removal experiments described here were performed with nail polish 
remover from the same bottle. 

2.2. Adsorbent materials 

A total of 3 different absorbent materials were tested in this study: 
coco coir (CC), biochar (BC), and activated carbon (AC). Each material 
was tested in two sizes: fine (<355 μm) and coarse (355–841 μm) grains. 
CC was purchased from Sunleaves Garden Products (Mooresville, IN), 
BC was obtained from Biochar Solutions (Carbondale, CO), and 
MICROBE-LIFT® AC pellets were purchased from Ecological Labora
tories, Inc. (Malverne, NY). 

2.3. Environmental test chamber 

All non-gravimetric experiments in this study were performed inside 
a sealed environmental chamber made of 316 stainless-steel with di
mensions 75 cm (W) x 75 cm (H) x 121 cm (L) (0.68 m3 total volume). A 
leak test was performed on the chamber using carbon dioxide (CO2) as 
the tracer gas. CO2 concentrations in the chamber were measured with 
an Extech SD800 CO2 datalogger (Extech, Nashua, NH, Range: 
0–4000 ppm, Accuracy: �5%, Resolution: 1 ppm). CO2 concentrations 
outside of the chamber were measured with a Telaire T7001 CO2 
monitor (Onset Computer Corporation, Bourne, MA, Range: 
0–2500 ppm, Accuracy: � 50 ppm) connected to an Onset Hobo U12- 
013 Temp/RH/2 external channel logger (Onset, Bourne, MA, Temp 
Range: 20 �C – 70 �C, Temp Accuracy: �0.35 �C, RH Range: 5%–95%, 
RH Accuracy: �2.5%). 

Ultra-pure 99.999% CO2 (Airgas, Cinnaminson, NJ) was introduced 
into the chamber until the concentration was approximately 3900 ppm, 
after which the monitor was allowed to equilibrate for 8 h. CO2 con
centrations were then recorded for 66.5 additional hours in 5 s intervals. 
The average external CO2 concentration was 448 ppm (�25 ppm). The 
average leakage (exchange) rate for the chamber was determined to be 
1.7 � 10� 5 m3 h� 1, or 2.5 � 10� 5 air changes per hour. Temperature and 
relative humidity (RH) in the chamber were fairly constant for all ex
periments performed; temperature ranged from 20.4 �C to 22.6 �C with a 
mean of 21.1 � 0.002 �C, and RH ranged from 21.0% to 39.1% with a 
mean of 27.9 � 0.02%. 

3. Methods 

3.1. Material preparation and characterization 

The adsorbent materials were first ground using a Nasco-Asplin soil 
grinder (Patent #2,903,198, NASCO, Fort Atkinson, WI) and then sized 
using U.S.A standard test sieves #20 and #45. Surface area (SA), pore 
size, and volume, were determined for all materials using Brunauer- 
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses. Prior 

Fig. 1. Experiments performed to evaluate adsorbent materials in a controlled environment: A) baseline emissions from nail care product, B) passive VOC removal 
and C) active VOC removal using a synthetic jet actuator. 
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to analysis, samples were degassed overnight at 100 �C and <50 mTorr. 
Analyses were performed on a Micromeritics Gemini V 2380 surface 
area analyzer (Micromeritics Instrument Corp., Norcross, GA). Each 
sample underwent a 5-point BET analysis, as well as a 40-point BJH 
desorption analysis. The BET surface area (BET SA), Langmuir SA, BET 
pore width, BJH pore width, and pore volume of each material were 
measured. 

3.2. Experimental setup 

Fig. 1 shows the 3 sets of experiments performed in the chamber. 
First, a series of experiments were used to determine the baseline VOC 
emissions from nail care products (Fig. 1A) using a photoionization 
detector (PID). Next, the experiment was repeated in the presence of 
adsorbent materials contained in a cylindrical sample holder (Fig. 1B) to 
determine the passive VOC removal by each adsorbent material. Finally, 
the VOC removal experiment was repeated with active flow provided by 
a SJA, which was directed at the adsorbent material (Fig. 1C). 

In all 3 experiments, the concentrations of Total Volatile Organic 
Compounds (TVOCs) were measured using a HalTech HVX-501 Photo
ionization Detector (Hal Technologies, Fontana, CA, Range 0–200 ppm, 
Resolution 0.03 ppm) with a 3-min sampling frequency. The PID was 
calibrated for acetone at two points (0 ppm and 175 ppm) using a zero- 
air standard (Scott Specialty Gases, Plumsteadville, PA, O2: 20–21%, 
Total Hydrocarbon: < 1 ppm) and an acetone gas standard (GASCO, 
Oldsmar, FL, Acetone: 175 ppm), respectively. The line between these 
points was used to determine the PID correction factor for acetone 
(1.56). Temperature and relative humidity (RH) in the chamber were 
measured with an Onset Hobo U12-013 Temp/RH/2 External Channel 
Logger (Onset, Bourne, MA, Temp Range: 20 �C – 70 �C, Temp Accuracy: 
�0.35 �C, RH Range: 5%–95%, RH Accuracy: �2.5%). 

3.3. Headspace analysis 

Headspace analysis was conducted on the nail polish remover (PR-2), 
using gas chromatography coupled with mass spectrometry (GC-MS), to 
determine the composition of gas-phase emissions from the product. 
Seven compounds in total were included in the calibration standards: 
ethyl acetate, n-butyl acetate, propyl acetate (n-propyl and isopropyl 
isomers quantified together), ethanol, isopropanol (2-propyl alcohol), 
acetone, and methyl acetate. 

Samples were prepared by placing approximately 0.5 mL of PR-2 in a 
4 mL septum-capped vial, which was allowed to equilibrate at room 
temperature for at least 1 h. The initial masses of PR-2 used in each 
sample were measured using an Ohaus Analytical Plus AP250D balance 
(Ohaus, Florham Park, NJ). Using a 10 μL gas-tight syringe primed 3 
times with headspace vapor, a sample consisting of 5 μL headspace and a 
1 μL plug of air was manually introduced to the GC-MS. The syringe was 
cleaned between injections and tested with regular blanks. Reported 
results are the average of 3 injections per sample (n ¼ 3). The repro
ducibility of manual injections was tested with replicate injections of 
pure acetone. Two standard solutions were prepared in cyclohexanone 
to quantify all 7 compounds. One stock solution contained ethyl acetate, 
n-butyl acetate, propyl acetate (n-propyl and isopropyl isomers quanti
fied together), ethanol, and isopropanol (2-propyl alcohol), while the 
other contained acetone and methyl acetate. Separate standards were 
prepared due to the co-elution of acetone and isopropanol. Serial di
lutions of the standards were used to create a calibration curve for each 
compound across the range of concentrations expected in the samples. 
Triplicate injections were averaged to generate each curve. 

3.4. Baseline VOC emissions from nail products 

The density and total VOC content of PR-2 were determined using a 
simple gravimetric analysis. Briefly, 3 samples of PR-2 (0.1 mL) were 
placed into pre-weighed auto-sampling vials. Their masses were then 

measured using a TR-64 balance (Denver Instrument, Bohemia, NY, 
Max: 61 g, Precision: 0.1 mg). Samples were placed in a fume hood, 
uncovered, and allowed to evaporate over 10 h. The mass of PR-2 
remaining in the vials was then measured again. The VOC content (mg 
g� 1) was reported as the average mass difference between pre and post- 
emission measurements (n ¼ 3), divided by the average mass of product 
used. Additional gravimetric analyses were performed for PR-2 at vol
umes of 0.2 and 0.3 mL. Theoretical equilibrium concentrations (Ceq, 

theo) of acetone from PR-2, were calculated using the VOC content from 
the gravimetric analysis (mg) and dividing it by the volume of the closed 
chamber (m3). These values were then compared with the equilibrium 
concentrations measured with the PID (Ceq,PID) to determine experi
mental deviation from predicted values. 

Baseline emission testing was performed inside the closed chamber 
as shown in Fig. 1A. In each experiment, a standard volume of 0.1, 0.2, 
or 0.3 mL of PR-2 was used. Initial volumes of PR-2 are referred to here 
as low concentration (LC), medium concentration (MC), or high con
centration (HC) for 0.1 mL, 0.2 mL, or 0.3 mL, respectively. PR-2 was 
measured using a 2 mL glass pipette and then placed in a glass Petri dish 
inside of the environmental chamber, which was promptly sealed. The 
PR-2 was then allowed to evaporate for 22.5 h. Before the chamber was 
sealed for each experiment, the internal pressure was equilibrated with 
the external pressure of the laboratory. Baseline VOC emission testing 
was performed 3 times (n ¼ 3). Similar experiments were conducted for 
NP-1, NP-2, NP-3, and PR-1 using 1.0 mL of product. TVOC concentra
tion curves were generated along with standard error values, and 
emission profiles were then plotted and compared. 

3.5. Passive VOC removal with raw adsorbent materials 

In these experiments, 20 g of CC, BC, or AC were used as the adsor
bent. The individual materials were loaded into a custom-made, 3D 
printed sample holder (Fig. 1B), made of poly-lactic acid (PLA) with 
dimensions: height 12.5 cm, diameter 3 cm, wall thickness 0.25 cm. The 
sample holder was covered on the outside with two layers of 100% nylon 
mesh material. The mesh prevented the adsorbent material from 
escaping during the experiment but was permeable to gases in the 
chamber. The loaded sample holder was placed near the center of the 
chamber, the nail polish remover was added, and then the chamber was 
sealed. 

Each VOC removal experiment was performed 3 times (n ¼ 3) with 
the LC volume (0.1 mL) of PR-2. This experiment was also performed 
once (n ¼ 1) with both MC (0.2 mL) and HC (0.3 mL) volumes of PR-2. 

3.6. Active VOC removal using synthetic jet actuators 

In the active flow experiments (Fig. 1C), VOC removal was achieved 
using raw adsorbent materials and enhanced using active flow provided 
by a ZFlow 87 Synthetic Jet Actuator (SJA) (Aavid Thermalloy, Laconia, 
NH, 5VDC, 95 mA, 475 mW). See Appendix A in the Supplementary 
Information for additional details about this SJA. A similar model of SJA 
from the same manufacturer was previously characterized [34] and used 
in a proof of concept experiment [31]. In the active flow experiments, 
the SJA was directed at the sample holder from a distance of 30 cm and 
operated throughout the duration of the experiment. Active VOC 
removal experiments were performed once at LC, MC, and HC using fine 
grain CC, BC, and AC. 

3.7. Data analysis 

Concentrations of acetone (PR-2) from baseline and (passive and 
active flow) removal experiments were first converted from ppm to 
mass-based concentrations, using the equation: 

Cmass
�
mg m� 3�¼Cppm � CF �MW

�
ðRT =PÞ [1] 
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where P is the surface pressure in Boulder, CO (0.803 atm), R is the 
universal gas constant (0.08206 L atm mol� 1 K� 1), T is the mean 
chamber temperature (K) during the experiment, MW is the molecular 
weight of acetone, and CF is the acetone correction factor for the PID 
(1.56). 

To reduce noise in the VOC removal time series, concentration data 
were binned in intervals of approximately 15 min and presented as the 
geometric mean of that range. Since BET and BJH surface areas were 
reported per unit mass (m2 g� 1), acetone removal was normalized by the 
mass of adsorbent used in the chamber. It was assumed that the loosely- 
packed adsorbent in the sample holder allowed for adsorption site access 
throughout the mass of the adsorbent sample. The normalized mass of 
acetone removed at each point in time, q(t) (mg g� 1), was calculated as: 

qðtÞ¼
Vchamber
msorb

½CoðtÞ � CðtÞ� [2]  

where Vchamber is the volume of the environmental chamber (0.68 m3), 
Co(t) is the baseline concentration at t (mg m� 3), C(t) is the concentra
tion at t during the removal test (mg m� 3), and msorb is the mass of 
adsorbent material in the chamber (g). 

The adsorption rate of each material was then calculated over 22.5 h 
using the equation: 

kads;expðtÞ¼
qðt þ 0:5ΔtÞ � qðt � 0:5ΔtÞ

Δt
[3]  

where kads,exp is the experimental VOC adsorption rate at time (t), which 
is the midpoint between two data points, and Δt is the time between the 
two data points (approximately 15 min). 

Adsorption rate data for all 3 materials at the 3 VOC concentration 
levels, and 2 flow conditions, were fitted using R (v3.2.5) non-linear 
least squares regression analysis. Results were used to develop VOC 
adsorption rate models for each material of the form: 

kadseffCðtÞ; qðtÞg [4]  

3.8. Model of VOC removal for nail salons 

A simple box (mass balance) model was developed in R (v3.2.5) to 
predict the impact of using adsorbent materials to reduce VOC con
centrations inside a nail salon. This model was then applied under both 
active and passive flow conditions. Time-resolved TVOC data from a 
previous nail salon field study [5] were used as model inputs, and new 
VOC concentrations (Cnew) were calculated using the adsorption rate 

Table 1 
Results from BET and BJH analyses.  

Sorbent Sizea BET 
SA 
(m2 

g� 1) 

Langmuir 
SA (m2 

g� 1) 

BET 
Pore 
Width 
(Å) 

BJH Pore 
Diameter 
(Å) 

BJH Pore 
Volumeb 

(cm3 g� 1) 

AC Fine 916.7 1231 – 30.50 0.2059 
Coarse 957.4 1297 20.70 28.74 0.2158 

BC Fine 5.893 8.001 37.71 131.0 0.0041 
Coarse 5.030 6.791 27.78 114.6 0.0009 

CC Fine 5.759 7.963 83.66 171.2 0.0173 
Coarse 4.035 4.458 99.63 166.7 0.0114  

a Fine (<355 μm); Coarse (355–841 μm). 
b Desorption cumulative volume of pores between 17 and 3000 Å. 

Fig. 2. TIC Chromatogram from acetone-based nail polish remover (PR-2) headspace analysis.  

Fig. 3. Theoretical equilibrium acetone concentrations compared to measured concentrations from baseline emission tests.  
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models determined for each material, from Eq. (4). 
For purposes of this exercise, the field TVOC concentrations 

(measured with a PID) were assumed to be acetone. The correction 
factor for acetone (1.56) was applied to convert ppm to mass concen
trations. Eq. (5) shows the mass balance performed at each time-step: 

Cnew;i¼Cfield;i þ
½ _mi� 1 � ðti � ti� 1Þ þ kads;i� 1 � msorb � ðti � ti� 1Þ�

Vsalon
[5]  

where i is the time-step, t is time (min), Vsalon is the volume of the salon 
(m3), Cfield,i is the VOC concentration (mg m� 3) measured during the 
field study at i, msorb is the mass of the adsorbent used (g), and _m is the 

Fig. 4. Baseline acetone emission profile from PR-2 over 22.5 h with standard error bars.  

Fig. 5. Passive adsorption rates for (A) fine and (B) coarse CC, BC, and AC at LC across 22.5 h.  
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derivative of VOC mass with respect to time (mg min� 1) calculated from 
field study concentration data: 

_mi ¼
Vsalon

�
Cfield;iþ1 � Cfield;i� 1

�

tiþ1 � ti� 1
[6] 

This term accounted for changes in the mass of acetone in the salon 
air due to all processes (e.g., ventilation, chemical reactions, and emis
sion) except adsorption onto the test materials. This step was necessary 
since the impact of each of these other processes could not be deter
mined independently. 

The total predicted mass of VOCs adsorbed over the 8 h period was 

reported along with an average effective ventilation rate (Qeff), which 
was calculated as: 

Qeff
�
m3

hr

�

¼
qtotal � msorb

8h� Cmed
[7]  

where qtotal is the predicted total mass of VOCs adsorbed per gram of 
adsorbent (mg g� 1), over the 8 h removal period and Cmed is the median 
concentration (mg m� 3) of VOCs during the same time period. 

Qeff was used to estimate the contribution of the adsorbents toward 
indoor air-cleaning operations and allowed comparisons with tradi
tional ventilation rates. A similar metric was previously employed by 

Fig. 6. Passive adsorption rates for fine (A) CC, (B) BC, and (C) AC at LC, MC, and HC across 22.5 h.  

A. Lamplugh et al.                                                                                                                                                                                                                              



Building and Environment 168 (2020) 106499

7

Ataka [35] and Huang [21]. The effective ventilation rate estimated in 
this study does not account for other non-VOC air pollutants that may be 
present indoors, including particulate matter and CO2, and approxi
mates a constant ventilation rate across all 8 h from a clean source of air 
(i.e., with no acetone). A volume-normalized metric was also consid
ered, which is referred to here as the effective air exchange rate (ACHeff), 
and was calculated as: 

ACHeff ¼
Qeff
Vsalon

[8]  

where Vsalon is the volume of the nail salon (m3) and ACHeff is in hr� 1. 

4. Results 

4.1. Materials characterization 

Results from the materials characterization, using BET and BJH an
alyses, are shown in Table 1. The analyses determined that AC had the 
greatest surface area and pore volume of all three materials character
ized, followed by BC and CC. The particle size of the material (i.e. fine or 
coarse) had relatively little impact on the SA, except in the case of CC, 
where fine particles had a 43–79% greater SA than the coarse material. 
The pore volume of BC and CC were affected by particle size: fine BC had 
356% more pore volume than coarse BC and fine CC had 52% more pore 
volume than coarse CC. The average pore width (BET) and average pore 
diameter (BJH) of both fine and coarse AC were substantially smaller 
(2–3 nm) than those of all BC or CC types. This pore size range fell at the 

intersection of what the International Union of Pure and Applied 
Chemistry (IUPAC) defines as microporous (<2 nm) and mesoporous 
(2–50 nm) [36]. Both BC and CC fell well within the range of meso
porous materials. Distributions of pore surface area and pore volume 
showed that a significant portion of BC and CC pore volume is located in 
macroporous structures (>50 nm). 

4.2. Headspace analysis 

Results from the headspace analysis showed that the only VOC 
emitted by PR-2 was acetone. A total ion count (TIC) chromatogram 
from the headspace analysis is shown in Fig. 2. 

4.3. Baseline VOC emissions from nail products 

Gravimetric analysis of PR-2 found a density of 0.799 � 0.013 and 
VOC content of 1000 � 41 (mg g� 1). Results from the gravimetric 
analysis were then compared to Ceq,PID for acetone to determine if pre
dicted values matched experimental PID measurements. Fig. 3 shows 
Ceq,theo versus Ceq,PID for PR-2 at LC, MC, and HC. The resulting 1:1 line 
has a slope of 1.0811 and an R2 of 0.9915, indicating that measured 
concentrations of acetone closely matched theoretical predictions 
(within 9%), based on gravimetric results. This demonstrates that VOC 
loss from leakage, surface deposition, and emission prior to chamber 
sealing was minimal. 

Fig. 4 shows the baseline VOC emission profile for PR-2. Fig. S1in the 
Supplementary Information shows emission profiles for the 5 nail care 
products included in this study. Results show that acetone emissions 

Fig. 7. Acetone removal using AC, BC, and CC at LC over 22.5 h under (A) passive flow, and (B) active flow provided by a SJA at 30 cm from the adsorbent material.  
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from PR-2 reached equilibrium in approximately 40 min. 

4.4. Passive VOC removal with raw adsorbent materials 

PR-2 removal rates from passive adsorption experiments with fine 
and coarse CC, BC, and AC at LC from PR-2 are shown in Fig. 5A and B, 
respectively. Of all 3 fine grain materials, AC showed the highest 
adsorption rates during most of the 22.5 h test period 
(0.0056–0.0009 mg g� 1 min� 1), followed closely by BC 
(0.0052–0.0006 mg g� 1 min� 1) and CC (0.0027–0.0005 mg g� 1 min� 1). 
Coarse grain materials followed a very similar trend, with AC perform
ing the best (0.0053–0.0007 mg g� 1 min� 1), followed by BC 
(0.0044–0.0008 mg g� 1 min� 1) and CC (0.0030–0.0005 mg g� 1 min� 1). 

These results suggest that the size distribution of adsorbent particles has 
little impact in passive adsorption rates. They also agree with the BET 
and BJH analyses, which showed that fine and coarse particles of each 
material had very similar properties overall. 

Passive removal rates for all materials decreased by 50% or more 
during the initial 5 h. After 20 h, all materials showed removal rates near 
zero (<0.001 mg g� 1 min� 1), although none of the materials reached 
equilibrium. Coarse AC removal data showed significant variability 
between 10 and 14 h (Fig. 5B). A review of the data suggests that this 
was likely due to a temporary sensor malfunction during one of the 3 
removal experiments used in calculating the average rate values. 

Fig. 6A, B, and C show adsorption rates of fine CC, BC, and AC at 
different concentrations of VOCs (LC, MC, and HC, respectively) emitted 

Fig. 8. Normalized adsorption rates for fine (A) CC, (B) BC, and (C) AC at LC, MC, and HC under active flow conditions.  
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from PR-2. The rate of adsorption was found to increase significantly 
with increased VOC concentration, and scaled approximately linearly 
with respect to the initial concentration of VOC (acetone). It was also 
observed that higher concentrations lead to greater total mass of VOCs 
adsorbed by each material, as previously reported in the literature [37, 
38]. The passive adsorption rates for all fine grain materials (CC, BC, AC) 
at MC and HC concentrations are included in Supplementary Fig. S2. The 
best-fit model for adsorption rates measured in this study was a 
nth-order equation similar to the one proposed by Ritchie [39]:  

kads¼ a*CðtÞ
�

1 �
qðtÞ

1:05*qmax

�n

[9]  

where C(t) is the concentration of VOCs at a given time, q(t) is the 
normalized mass of VOCs adsorbed (mg g� 1) at the same time, a is a rate 
constant for each material, n is an exponent related to the order of the 
reaction (number of gas molecules adsorbed per adsorption site), and 
qmax (mg g� 1) is a quasi-equilibrium value of the maximum mass 
adsorbed onto 1 g of the material observed at HC and t ¼ 22.5 h. Since 
qmax is only a quasi-equilibrium value, a factor of 1.05 was applied to 
approximate the actual equilibrium value. Similar nth-order models 
have previously been proposed for bio-adsorbents [40], and can account 
for unknown adsorption mechanisms as well as materials with hetero
geneous surfaces. Supplementary Table S2 includes fitting values and 
correlations for each material under passive and active flow conditions 
for the model based on Eq. (9). Fitted removal rate graphs for all cases 
considered are shown in Supplementary Fig. S3. 

4.5. Active VOC removal using synthetic jet actuators 

Results from the VOC removal experiments using fine CC, BC, and AC 
at LC are shown in Fig. 7. Concentrations (C) from these removal ex
periments were normalized by their corresponding baseline VOC con
centrations (C0) and plotted as C/Co. Fig. 7A shows the case for passive 
flow; Fig. 7B shows the case for active flow case, which was provided by 
a SJAs at a distance of 30 cm from the adsorbent material. Results show 
that AC was the most effective adsorbent; CC was the least effective. 
None of the adsorbents reached equilibrium within the 22.5 h testing 
period; an initial fast removal was also observed for CC and BC. The 
effect of the SJAs is noticeable when compared to the passive adsorption 
case especially for BC and AC adsorbents. Supplementary Fig. S4 and 
Fig. S5 show the results at MC and HC for the passive and active flow 
cases, respectively. Higher initial concentrations led to increased total 

mass of acetone removed, qtotal, by factors of 1.4, 2.3, and 2.5, for CC, BC 
and AC, respectively. 

The normalized removal rates for the active-flow experiments are 
shown in Fig. 8. Adsorption rates for fine CC (Fig. 8A) decreased slightly 
under the active flow conditions tested and did not change with 
increasing concentrations of acetone. This may be due to the flow ve
locity preventing the buildup of acetone on the CC surface. This hy
pothesis agrees with changes in the order of the rate model (n) between 
passive and active flow experiments, which decreased from ~1.2 to 0.9 
after the addition of active flow. 

Conversely, normalized adsorption rates for fine BC (Fig. 8B) and AC 
(Fig. 8C) increased significantly, with fine AC under active flow condi
tions achieving adsorption rates 50–100% greater in the first 2 h 
compared with passive flow experiments. Under active flow conditions, 
the order of the adsorption rate models for BC and AC increased by 
factors of 1.85 and 3.02, respectively. 

4.6. Models for VOC removal in a nail salon 

Mathematical models for VOC removal were constructed for the fine 
version of the 3 materials (CC, BC, and AC). Calculations were per
formed using different amounts of adsorbent material (10 kg, 50 kg, and 
250 kg), under both passive and active flow conditions. Time-resolved 
VOC concentration data measured in a real nail salon during a single 
day were used as the input [5]. The volume of the salon used in the 
model was 1400 m3. The total predicted VOC mass removal and effective 
ventilation rates (Qeff and ACHeff) for each case are shown in Table 2. 
Effective ventilation rates for fine AC under passive removal conditions 
ranged from 29.3 m3 h� 1 (0.02 ACH) to 222 m3 h� 1 (0.16 ACH) for 10 kg 
and 250 kg of AC, respectively. This was followed by fine BC and fine CC, 
which ranged from 18.2 m3 h� 1 to 182 m3 h� 1 and 16.7 m3 h� 1 to 
179 m3 h� 1, respectively. 

The use of jets was shown to remove significantly more VOCs for 
both fine AC and fine BC, where total mass removal values across cases 
increased by 31–94% and 17–39%, respectively. In the case of fine CC, 
VOC removal quantities decreased with the addition of jet flow by 
43–65%. 

Fig. 9 shows the results of the various simulations performed. 
Fig. 9A, C, and E show the predicted impact of CC, BC, and AC in the 
salon environment under passive flow conditions, respectively. Fig. 9B, 
D, and F show the impact of CC, BC, and AC under active flow condi
tions, respectively. Significant reductions in VOC concentrations are 
shown for all adsorbents at the 250 kg level; less significant reductions 
were produced with 50 kg and 10 kg of adsorbent. The largest removal 
was achieved with 250 Kg of fine AC and active flow (Fig. 9F), 
decreasing VOC concentrations to 0 mg m� 3 in approximately 3 h and 
remaining there for the 8-h simulation period. 

5. Discussion 

VOC removal experiments with CC, BC, and AC showed that all 3 
materials can adsorb VOCs under both passive and active flow condi
tions. Removal was also strongly linked to both ambient VOC concen
trations and available adsorption sites, represented here as (1 - q(t)/ 
qmax). Adsorbent particle size (e.g. fine or coarse) was shown to have 
relatively little effect on removal rates at LC. Results showed that ma
terial surface area and average pore size impacted the performance of 
the adsorbent material as VOC remover. 

The use of SJA to provide local ventilation was shown to enhance the 
adsorption process for BC and AC in this study. Their use in actual indoor 
environments could be convenient and economical. For example, the 
minimum International Mechanical Code (IMC) ventilation rate for a 
93 m2 (1000 ft2) salon is approximately 4.25 m3 min� 1 (150 CFM), 
which would require a 115 V blower operating at approximately 1 A 
(115 W). Comparatively, 115 W could power over 240 SJAs (consuming 
475 mW each). As demonstrated by McQuillan [30], SJAs can impact 

Table 2 
VOC mass removed and effective ventilation rates from adsorption models.  

Passive Flow Total VOC Removed (g) Qeff (m3 h� 1) ACHeff (h� 1) 

Fine CC 10 kg 7.09 16.7 0.01 
50 kg 29.9 70.5 0.05 
250 kg 76.4 179 0.13 

Fine BC 10 kg 7.75 18.2 0.01 
50 kg 31.8 74.9 0.05 
250 kg 77.4 182 0.13 

Fine AC 10 kg 12.4 29.3 0.02 
50 kg 45.1 106 0.08 
250 kg 94.4 222 0.16 

Active Flow Total VOC Removed (g) Qeff (m3 h¡1) ACHeff (h¡1) 

Fine CC 10 kg 2.46 5.79 0.00 
50 kg 11.6 27.2 0.02 
250 kg 43.2 101 0.07 

Fine BC 10 kg 10.8 25.6 0.02 
50 kg 41.3 97.3 0.07 
250 kg 90.3 213 0.15 

Fine AC 10 kg 24.1 56.8 0.04 
50 kg 68.1 160 0.11 
250 kg 124 292 0.21  
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flows from HVAC systems. In this study, SJAs were also shown to in
crease the removal of VOCs for BC and AC during the test period. Using 
synthetic jets to alter local flow conditions was especially advantageous 
for adsorbents with smaller average pore sizes as determined by BET and 
BJH analyses. This study did not attempt to optimize the placement of 
the SJA; therefore, it is possible that additional increases to the VOC 
removal rates could be achieved. Further, the placement of the SJA 
would be highly dependent on the configuration and the airflows of the 
room. Those experiments were beyond the scope of this study. 

The VOC removal models showed that as little as 10 kg of AC could 
achieve a measurable reduction of VOCs in the nail salon environment, 
especially when active flow conditions are in effect. Additionally, 
effective ventilation rates calculated for all VOC removal models using 
250 kg of adsorbent in passive flow conditions approached the minimum 
ventilation requirements set by the IMC for a 1400 m3 nail salon 
(approximately 250 m3 h� 1). When used in active flow conditions, 
250 kg of fine AC was shown to achieve 0.21 ACHeff, which is nearly 
17% greater than the minimum ventilation rate published in the IMC for 
a nail salon of this volume [14]. Poor curve fits were obtained in some 
cases for CC and BC materials due to extreme non-linearity at the 
beginning of the experiments. This fast initial VOC removal may be due 
to preferential adsorbing onto fully available sites, a phenomenon 

previously documented by Ritchie [39]. Identifying the mechanism and 
obtaining better fits for this portion of the data would require more 
precise instrumentation and faster sampling rates than could be ach
ieved in this study. This issue primarily affected data at the upper end of 
adsorption rates, leading to lower predicted adsorption values. The 
model presented here also did not account for the effect of concentration 
changes on _m (Eq. (6)); which may be significant. 

This study presents results that support the utilization of adsorbents 
in indoor environments with high VOC levels; however, further opti
mization of such systems is needed. For example, factors such as 
regeneration of the adsorbents and the location of these materials were 
not addressed here. Typically, adsorbents of this type are regenerated 
thermally at temperatures of less than 100 �C, which can be achieved 
using consumer-grade heating technology. The release of volatile com
pounds during regeneration processes presents a potential timing issue; 
however, regeneration cycles could be scheduled overnight, when 
building occupants are not present. Release of adsorbed VOCs during the 
night may have an added environmental benefit as well, since photolytic 
reactions that contribute to ozone and secondary organic aerosol (SOA) 
formation are unlikely to occur. 

Although BC and CC were shown to remove VOCs from the air under 
both passive and active flow conditions, their removal capacities were 

Fig. 9. Salon models for (A) CC passive flow, (B) CC active flow, (C) BC passive flow, (D) BC active flow, (E) AC passive flow, and (F) AC active flow.  
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noticeably lower than commercial AC under all conditions tested in this 
study. When used under active flow conditions, BC achieved VOC 
removal comparable to commercial AC under passive flow conditions. 
This suggests that flow conditions should be considered during the 
optimization of adsorbent-based VOC removal systems for the indoor 
environment. 

Although this study showed biochar to be an effective adsorbent for 
VOCs, it is also known to include residual pollutants as a result of the 
pyrolysis process under which it is generated. VOCs and polycyclic ar
omatic hydrocarbons (PAHs) have been found in biochars from a 
number of different feedstocks [41,42]. These compounds could 
potentially be released from the adsorbent materials into the indoor 
environment where they may affect the health of occupants [42]. 
Consequently, their use in air quality control applications will require 
additional research. 

6. Conclusions 

While biochar and coco coir used in this study were shown to remove 
VOCs from the ambient air, their removal capacities were both sub
stantially lower than the commercially available activated carbon. This 
suggests that these alternative adsorbent materials may not be optimal 
for indoor VOC removal applications without some additional treatment 
to increase their adsorption capacity. The cost of such treatment should 
be considered when determining the advantages and disadvantages of 
these less common materials and removal systems. Reducing and 
capturing VOCs emitted in the indoor occupational environment is 
necessary to safeguard worker health, and may also help address urban 
ozone pollution and SOA formation. Results from this study are prom
ising and suggest that indoor adsorbent sinks could play a role in future 
VOC mitigation efforts. In this study, directing ventilation to the 
adsorbent surface using a synthetic jet actuator led to increased VOC 
removal rates. Consequently, the combined use of adsorbent materials 
and localized active flows showed the best removal in these controlled 
experiments. Further exploration of these technologies should be con
ducted to address issues of material regeneration and implementation 
strategies, which were not covered in this study. 
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Supplementary Information - Tables and Figures 
 

Table S1. List of nail care products used in this study.  

Identifier Product Class Volatile Ingredients (from SDS) Volatile Content 
(from SDS) 

NP-1 Nail Polish n-butyl acetate, ethyl acetate, isopropyl 
alcohol, propyl acetate, camphor 

50.2 – 100%* 

NP-2 Nail Polish n-butyl acetate, ethyl acetate, isopropyl 
alcohol, propyl acetate, n-butyl alcohol, 
ethanol, heptane, camphor 

55 – 100%* 

NP-3 Nail Polish n-butyl acetate, ethyl acetate, isopropyl 
alcohol, n-butyl alcohol 

50 – 62% 

PR-1 Nail Polish Remover methyl acetate, dimethyl glutarate, SD 
Alcohol 40, methyl alcohol 

16 – 45% 

PR-2 Nail Polish Remover Acetone Not Provided 

*Volatile content presented is the sum of all volatile ingredients listed for each product in the SDS. Since individual 
compound values were provided as a range, the sum total in some cases exceeded 100%. 
 
 

 
Table S2. Fitting values for model based on Eq. 9 using PR-2 as the model VOC 

 

Passive Flow a n R2 Spearman 
 

Fine CC LC 3.167E-5 1.176E+0 0.718 0.856 
 MC 3.167E-5 1.176E+0 0.780 0.925 
 HC 3.167E-5 1.176E+0 0.949 0.943 

Fine BC LC 3.098E-5 4.447E-1 0.680 0.935 
 MC 3.098E-5 4.447E-1 0.678 0.920 
 HC 3.098E-5 4.447E-1 0.862 0.971 

Fine AC LC 5.124E-5 3.261E-1 0.874 0.941 
 MC 5.124E-5 3.261E-1 0.863 0.956 
 HC 5.124E-5 3.261E-1 0.969 0.990 
Active Flow a b R2 Spearman 

Fine CC LC 9.852E-6 9.091E-1 0.843 0.839 
 MC 9.852E-6 9.091E-1 0.740 0.823 
 HC 9.852E-6 9.091E-1 0.400 0.446 

Fine BC LC 4.635E-5 8.231E-1 0.869 0.917 
 MC 4.635E-5 8.231E-1 0.825 0.968 

 HC 4.635E-5 8.231E-1 0.874 0.983 
Fine AC LC 1.234E-4 9.862E-1 0.966 0.969 

 MC 1.234E-4 9.862E-1 0.982 0.985 
 HC 1.234E-4 9.862E-1 0.975 0.989 

 

  



 

 

Fig. S1. Baseline TVOC emission profiles from 5 nail products over 22.5 h with standard error bars. Emissions from the 3 nail 
polishes (NP) were fairly similar but considerably different from the nail polish removers (PR). The nail polish removers were also 
fairly different from each other. TVOC emissions are reported in terms of equivalent ppm of acetone. NP reached equilibrium in about 
5 h compared to PR, which reached equilibrium in < 1 h. This difference likely reflects the fact that NP were composed of more 
volatile compounds methyl acetate (boiling point 56.9 C) and acetone (boiling point 56.1 C). In contrast, the primary ingredient in 
all NP was ethyl acetate (boiling point 77.1C).  

 

 

 

 

 

 

 

 

 

Fig. S2. Passive VOC Removal rates of fine AC, BC, and CC at (A) MC 
and (B) HC across 22.5 h 



 

Fig. S3. Fitted VOC removal rate data of fine grain materials: (A) AC Passive Flow, (B) AC Active Flow, (C) BC Passive Flow, (D) BC Active Flow, (E) CC 
Passive Flow, and (F) CC Active Flow



 

Fig. S4. Passive VOC removal of fine AC, BC, and CC at (A) MC and (B) HC 
during 22.5 h 

 
Fig. S5. Active VOC removal of fine AC, BC, and CC at (A) MC and (B) HC 

during 22.5 h 
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 SynJet® LED Cooler R87-60 

 

 
SynJet cooling technology provides the most reliable thermal  
management solution available. This LED cooler has been developed  
by Nuventix for cooling downlight and spotlight modules and arrays. 

 Cools up to 45 W4 

 Reliable 100K Hours Lifetime 

 Energy Efficient 
 

Specifications1 

Thermal & Acoustic 

SynJet Setting2 
Θs-a3 

Al 

TDP4 (W) 

ΔT = 30° / 40°C 

SPL 

(dBA)5 
Wire Connections 

Mid Performance 0.70 43 / 57 25 
Red to +VDC 
Black & Blue to Ground 

 

Standard Performance 0.78 38 / 51 22 
Red to +VDC 
Black only to Ground  

Silent Performance 0.91 33 / 44 19 
Red to +VDC 
Black & Purple to Ground 

 

 PWM at 100% duty cycle 0.66 45 / 61 27 
Red to +VDC 
Black only to Ground 
Blue to PWM Signal  

Heatsink Only 2.02 15 N/A N/A N/A 

Electrical 

SynJet Setting2 
Voltage 
(VDC) 

+/- 10% 

Current (mA)6 

Pavg  
(mW) 

Voltage 
(VDC) 

+/- 10% 

Current (mA)6 

Pavg 
(mW) Imin Iavg Ipeak Imin Iavg Ipeak 

Mid 

5 20 

150 300 750 

12 10 

67 134 800 

Standard 95 190 475 50 100 600 

Silent 65 130 325 40 80 480 

PWM at 100% duty cycle 160 320 800 82 164 980 

Environmental 
All Settings Min Max Units Conditions 

Operating Temperature -40 70 C Air temperature surrounding cooler 

Storage Temperature -50 75 C Air temperature surrounding cooler 

Storage Altitude  15K m Above sea level 

Operating Relative Humidity 5 95 % Non-condensing 

Weight  335 g SynJet with Al heat sink 

Reliability   100K hrs L10 @ 60C 

Regulatory Compliance    RoHS, UL, FCC Part 15 Class B, CE 

 

                                                 
1 All values are typical at 25ºC unless otherwise stated. 
2 The Level Select model should be used for discrete performance settings.  Follow the instructions in the Product Design Guide for adjusting settings. 
3 Thermal resistance values are given as reference only and are measured in free air without airflow obstructions. Thermal resistance is measured from the bottom 
middle of the heat sink to ambient air measured at the inlet to the SynJet, with a heat source at least 4.1cm2 using the 60 W reference heat sink. Actual thermal 
performance may vary by application and final product design should be tested to assure proper thermal performance. 
4 Thermal Design Power is based on a 30ºC or 40ºC temperature rise of heat sink mounting surface above ambient temperature around cooler. 
5 Sound Pressure Level is measured at 1 meter distance per ISO 7779. 
6 The SynJet has a time varying current.  The current waveform is sinusoidal and the average current (Iavg) is used to calculate the average power consumption 
(Pavg) at nominal input voltage (VDC).  See the Electrical section in the Product Design Guide for a detailed explanation. 

 5 Yr Warranty 

 Small Form Factor 

 Quiet Acoustics 

lupitamontoya
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Mechanical - SynJet Cooling Solution shown with Configurable heat sink 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SynJet Wire Harness     Connector Pinout 

 
 
 
 
 
 
 
Part Numbers 
Part Number Description Notes 

NX201100 SynJet, ZFlow 87, PWM, 5V, Black Use with PWM input to control performance setting 

NX201101 SynJet, ZFlow 87, Level Select, 5V, Black Configurable to discrete performance settings 

NX201102 SynJet, ZFlow 87, PWM, 12V, Black Use with PWM input to control performance setting 

NX201103 SynJet, ZFlow 87, Level Select, 12V, Black Configurable to discrete performance settings 

NX301105 Heatsink, R87-60, Xicato XSM M3, Vossloh Schwabe Luga Shop, Black Contact sales for other heatsink options 

NX301106 Heatsink, R87-60, Citizen CLL030, CLL050, Ledil, Black Contact sales for other heatsink options 

NX301107 
Heatsink, R87-60, Osram Soleriq, Ledil, Sharp Megazenigata, Molex, 
Black 

Contact sales for other heatsink options 

NX301108 Heatsink, R87-60, Philips Luxeon K, Black Contact sales for other heatsink options 

NX301114 Heatsink, R87-60, Config, Black Contact sales for other heatsink options 

NX301115 Heatsink, R87-60, Bridgelux Vero 13/18, Black Contact sales for other heatsink options 

NX301117 Heatsink, R87-60, Bridgelux Vero 29, RS, Black Contact sales for other heatsink options 

WALLS-C4150-001 Wire Harness, 4-Wire, 150 mm Length Contact sales for other wire harness options 

WALLS-C4600-001 Wire Harness, 4-Wire, 600 mm Length Contact sales for other wire harness options 

 

Pin Wire Color Symbol Description 

1 Red +VDC 5 V or 12 V depending on model 

2 Black GND Ground 

3 Purple CTRL2 
Input for Level Select model 
Status signal for PWM model 

4 Blue CTRL1 
Input for Level Select model 
PWM input for PWM model 

Nuventix reserves the right to make changes to the products or information contained herein without notice.  No 
liability is assumed as a result of their use or applications. For additional information, please contact Nuventix directly. 

IMPORTANT: SynJets should be completely wired to the power supply before the power supply is energized. The power supply should be 
turned off before the SynJet Cooler is disconnected. SynJet Coolers are not designed for “hot swap” or “hot plug” applications. 

All dimensions are nominal and in mm unless otherwise stated. See product drawings for more detail. 
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