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Abstract

A small-scale granular-activated carbon (GAC) system was evaluated for removal of the plant growth regulator paclobutrazol
[(2RS,3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pentan-3-ol] from water. A solution with 50 ug L
of paclobutrazol was passed through canisters filled with 0.50—4.75 mm particle size (8 X 30 US mesh) granular-activated
carbon at a flow rate of 6 L min~!. Paclobutrazol solution was exposed to varying amounts of contact time with GAC by
increasing the number of filters in series. Analysis of samples using liquid chromatography—mass spectrometry (LC-MS/MS)
found that paclobutrazol concentration decreased by 90 and 99% with a contact time of 12 and 59 s, respectively. In bioassay
tests, broccoli hypocotyls at 14 days were 104% longer and begonia dry mass was 36% greater when treated with solutions
that had a contact time of 59 s compared with the 0 s of GAC exposure. With the highest GAC contact time, begonia dry
mass was the same as for plants treated with a zero paclobutrazol solution. Bituminous coal and coconut shell GAC sources
were equally effective in reducing paclobutrazol concentration based on broccoli hypocotyl length, and paclobutrazol con-
centration measured using gas chromatography—mass spectrometry (GC-MS). Removal of paclobutrazol was not affected
by solution pH from 4.0 to 10.0.

Introduction

Plant grower operations are increasingly adopting capture
and reuse of irrigation water runoff to improve water use effi-
ciency, reduce water and fertilizer cost, and reduce discharge
of contaminants into the environment (Uva et al. 2001; Beer-
ling et al. 2014; Raudales et al. 2016). However, recirculated
irrigation water may contain residual plant growth regulators
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(PGR), pesticides, herbicides, and other agrichemicals that
can negatively affect overall crop quality (Adriansen 1989;
Hwang et al. 2008; Agrawal et al. 2010; Smith and Santo
2011; Fisher et al. 2016).

A commonly used plant growth regulator for green-
house floriculture crops is paclobutrazol [(2RS,3RS)-1-(4-
chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pen-
tan-3-ol] (Latimer 2015). Paclobutrazol is used on a wide
range of plant species to reduce plant height, being taken
up quickly (within 30 min) after application (Runkle 2012).
Paclobutrazol has a half-life of around 6 months (164 days)
in water and can suppress growth of sensitive crops such
as begonia in the parts per billion (ug L™!) range (Million
et al. 2002; MDEP 2012). Crop sensitivity and the degree of
growth inhibition caused by paclobutrazol can vary between
species and cultivars. For instance, a 10% reduction in over-
all plant growth was shown for begonia, impatiens, chrysan-
themum, and petunia when applied at paclobutrazol concen-
trations of 2, 7, 10, and 130 pg L™}, respectively (Million
et al. 1999b). Paclobutrazol is typically applied as a foliar
spray at concentrations ranging from 1 to 200 mg L™! or as
a substrate drench application at 0.1-8.0 mg L™! (Whipker
2015). Application via a substrate drench or subirrigation
application is common because it results in uniform height
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control compared to a foliar spray (Million et al. 1999a,
2002). However, drenching and subirrigation increase both
the applied volume and potential for residual chemical to
contaminate recirculated irrigation water. For example,
Hwang et al. (2008) reported that paclobutrazol treatment
solution applied and recycled to kalanchoe through a sub-
irrigation system required five irrigation events before the
original paclobutrazol concentration decreased by 50%.

The discharge of water containing synthetic organic con-
taminants such as paclobutrazol can be a serious problem
for the terrestrial and aquatic environments. Persistence of
paclobutrazol in the soil has been shown to be as long as
3 years under field conditions (Jacyna and Dodds 1995).
Paclobutrazol accumulation in the soil can negatively inhibit
microbial growth (Maganhotto et al. 2002). The aquatic
invertebrate Daphnia magna (water flea) exhibited physi-
cal deformities and death when exposed to a 240 ug L™!
paclobutrazol solution at the embryonic stage (Wang et al.
2011).

Technologies that are currently being used in greenhouse
operations for remediating agrichemicals in irrigation water
include ozone, hydrogen peroxide, ultra-violet radiation,
electrochemical flocculation, and granular-activated carbon
(GAC) (van Ruijven et al. 2014). There are numerous advan-
tages of GAC compared with other treatment technologies,
including low capital and operating cost, simplicity of use,
ability to adsorb a wide range of organic compounds, and
potential for GAC to be regenerated or re-activated (Brooks
et al. 2000; Foo and Hameed 2009). Carbon adsorption is
widely used for groundwater remediation, municipal water
filtration, volatile organic compound removal, and cleanup
of chemical spills (Ioannidou et al. 2010). Granular-activated
carbon has also been proven to be a reliable technology in
removing pesticides and herbicides such as 2,4-D, atrazine,
alachlor, and carbofuran from waste water (Brooks et al.
2000). One important consideration when using GAC for
adsorption of organic contaminants is the carbon source or
raw material. Commonly used raw materials include wood,
lignite, peat, coconut shell, and bituminous coal (Pollard
et al. 1992), with coconut shell and bituminous coal often
being favored because of their high carbon content and low
cost (Babel and Kurniawan 2002; Jabit 2007). A range in
particle sizes for GAC can be used depending on the appli-
cation. However, 12 x40 or 8 x30 US mesh size ranges
(1680—420 or 2380595 um) are commonly used for large-
scale-, liquid phase filtration (Summers et al. 2014). Increas-
ing concentration of suspended solids negatively affects
adsorption by GAC, whereas decreasing solution pH and
temperature normally improves carbon adsorption of organic
contaminants (Brooks et al. 2000; DeSilva 2000).

Research has not been published investigating the reme-
diation of paclobutrazol using GAC filtration, or how param-
eters such as solution pH and GAC source affect adsorption
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efficiency for paclobutrazol. Research objectives were to
quantify the reduction of paclobutrazol from irrigation water
with various contact times of GAC filtration, compare the
effectiveness in removal of paclobutrazol between bitumi-
nous coal and coconut shell-based GAC, and determine if
solution pH affected efficacy of paclobutrazol removal. Each
experiment used a 50 pg L~ initial paclobutrazol concentra-
tion, based on pilot data from nursery catchment ponds and
collection tanks in the US that found paclobutrazol concen-
trations as high as 50 ug L™! (Fisher et al. 2016). Procedures
for the begonia and broccoli bioassays used in these experi-
ments were modified from previous paclobutrazol research
(Million et al. 1999a).

Materials and methods
Activated carbon system

A small-scale GAC system consisting of filter canisters
filled with 8 X 30 US mesh GAC was used for three sepa-
rate experiments. For each experiment, a 50 pg L™! of
paclobutrazol solution was prepared using deionized water
and paclobutrazol product, Piccolo (Fine Americas Inc.,
CA). A sump pump was used to feed the paclobutrazol solu-
tion through the GAC filtration system at a constant flow
rate of 6 L min~!, maintained by a flow meter and pres-
sure regulator. The filtration system was made up of three
filter-housing compartments placed in series, with one small
12.7ecmx27.9 cm (3.5 L), and two large 12.7 cm X 53.1 cm
(6.5 L) housings. Filter housings contained a corresponding
filter canister filled with 8 X 30 US mesh (0.50-4.75 mm)
coconut shell GAC (Exp. 1) or bituminous coal GAC (Exps.
2 and 3) for the small 10.9 cmx22.6 cm (1.9 L) and large
10.9 cm X 48.8 cm (4.1L) canisters, respectively. During
Experiment 1, a foam pre-filter (386 cm®) was included in
the large GAC canisters as recommended by the manufac-
turer. The addition of a pre-filter resulted in a decrease in
total GAC volume and contact time. This pre-filter was not
included in GAC canisters for Experiments 2 and 3, thus the
calculated contact times were slightly greater compared to
Experiment 1. Filters were connected using polyvinyl chlo-
ride tubing with 1.27 cm outside diameter. The GAC system
was designed to allow paclobutrazol solution to feed through
the GAC filters individually or in any combination in series.
Desired contact times with GAC were achieved by manipu-
lating the number of GAC filters which the paclobutrazol
solution passed through (Table 1). Experiment 1 utilized all
filters and Experiments 2 and 3 used one small filter. Each
experiment included a non-filtered control treatment of O s of
contact time where solution was exposed to zero GAC filters.

Contact times in seconds (CT) were calculated using the
following equation:
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Table 1 Granular-activated carbon (GAC) filtration treatment levels
used in the study, and their corresponding contact times and volume
of GAC filter

Contact time (s) Nominal paclobutrazol concen- Volume

tration (ug L") of GAC

L

0 50 0

12 50 1.9

24 50 3.7

36 50 5.6

47 50 75

59 50 9.4

Control 0 0

An initial nominal paclobutrazol concentration of 50 pg L™! was used
for all filtration treatments (measured concentrations were lower than
the mixed target concentration averaging 25.3 pg L ™! across the three
experimental blocks). The control represented tap water with zero
paclobutrazol

CT =((PxV)/R)x 60,
where P represented the pore space of GAC (63%), V was
the volume of the filter canisters in liters, and R was the

flow rate of chemical solution (L min~') passing through
the filter.

Paclobutrazol sample collection and analysis

Each experiment produced treated samples in blocks sepa-
rated by time. All canisters were flushed with 50 ug L™!
of paclobutrazol solution for 2 min before beginning each
block. For each exposure time run, paclobutrazol solution
was then passed through the appropriate filters for 90 s (Exp.
1) and 45 s (Exps. 2 and 3) to ensure that filters completely
cycled through with fresh paclobutrazol solution before a
3-L sample was collected. Solutions were collected in plas-
tic containers and kept in a freezer below 20 °C to preserve
treated paclobutrazol samples (Altland et al. 2015). Four
15-mL sub-samples from each sample were stored in Falcon
collection tubes and later used in a bioassay study. A 500-
mL sub-sample from each 3-L sample collected was also
sent to a commercial pesticide analysis laboratory (Waters
Agricultural Laboratories, GA), where residual paclobutra-
zol concentrations were determined by a LC-MS/MS (Exp.
1) and GC-MS (Exps. 2 and 3). The control samples that
received 0 s contact time or no filters were also included in
the analysis.

Bioassays

Broccoli and begonia were chosen as bioassay crops for this
set of experiments based on previous trials showing that
these species are sensitive to paclobutrazol at concentrations

within the pg L™! range (Million et al. 1999a, 2002). The
sub-samples (15 mL) of treated paclobutrazol solution were
applied to begonia seedlings [Begonia X semperflorens-
cultorum ‘Super Olympia White’ (Knox Nursery, FL)] and
broccoli seed [Brassica oleracea var. botrytis ‘Waltham 29’
(Bulk Seed Store, NC)]. Plants were grown in four-cell bed-
ding plant trays (5.7 cmx 3.8 cm x 5.4 cm per cell, 117 cm?)
filled with a blond sphagnum peat seedling mix (Pindstrup,
Denmark) and grown for a total of 14 days in a growth cham-
ber with minimum/maximum temperatures of 22 and 25 °C,
respectively. Plants were placed under fluorescent lights at
100 pumol m~2 s~! for 18 h resulting in 6.5 mol m~2 day~"'.

Bioassays were arranged in a randomized block design
with three blocks per species separated by space and crop
species. Each four-cell tray represented one sample for each
of the experimental blocks. There was one four-cell tray for
each sample collected from every contact time treatment.
In addition, each bioassay had a control treatment consist-
ing of tap water (0 pg L™! paclobutrazol). For broccoli, six
seeds were planted to a 1 cm depth per cell in each four-
cell tray and were thinned to two seedlings per cell 5 days
after planting (leaving eight seedlings per four-cell tray).
Using a similar procedure, one begonia plug was planted in
each cell of a four-cell tray, producing a total of four plants
per tray. All planted trays were lightly irrigated overhead
to container capacity using tap water and left to sit for 1 h.
Each cell of a four-cell tray was then irrigated with 15 mL
of a corresponding paclobutrazol solution. Plants were
subsequently irrigated as needed with 35 mL of fertilizer
solution (20N-4.4P-16.6K, with micro-nutrients at 150 mg
L") per cell. Broccoli seedlings were cut from the substrate
surface and hypocotyl lengths were measured to the nearest
mm 14 days after planting. Begonia plugs were separated
from their root zones using a razor blade and weighed for
dry mass after being oven dried (70 °C) for 48 h. Hypoco-
tyl lengths of the eight broccoli seedlings within a given
four-cell tray were averaged as one replicate for statistical
analysis. Dry masses of the four begonia plugs per four-cell
tray were averaged and analyzed in the same manner. Both
bioassay crops were used in Exp. 1 and only broccoli was
used in Exps. 2 and 3.

Exp. 1 Removal of paclobutrazol with varying GAC
contact time

A 50 pg L™! of paclobutrazol solution was passed through the
small-scale GAC system filled with 8 Xx30 US mesh coconut
shell-based carbon source (Carbtrol Corporation, CT). A coco-
nut shell GAC source was chosen because it has been reported
to effectively remove organic pollutants, and is a globally used
carbon source for water remediation (Martin 1980; Ali et al.
2012; Cobb et al. 2012). Filter housings contained a corre-
sponding filter canister filled with 1.25 and 2.50 kg of 8 x30
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US mesh coconut shell GAC for the small 10.9 cmXx22.6 cm
(1.9 L) and large 10.9 cm x48.8 cm (4.1 L) canisters, respec-
tively. This experiment used a randomized complete block
design with one factor being GAC contact time with six levels
(0, 12,24, 36, 47, and 59 s) blocked over time. For each block,
a freshly mixed paclobutrazol solution was randomly passed
through GAC filters to generate three replicate solutions per
contact time treatment, generating a total of 54 samples over
three blocks (18 solutions per block). A one-way ANOVA was
used to show the average reduction in paclobutrazol concentra-
tion, hypocotyl length, and begonia dry mass with each contact
time treatment. The temperature, electrical conductivity, and
pH of the three 50 ug L~! of paclobutrazol solutions mixed
during this experiment ranged from 24.8 to 26.0 °C, 0.99 to
1.53 pS em~!, and 5.25 to 5.42, respectively.

Exp. 2 GAC source material comparison
for paclobutrazol removal

Two commonly used GAC sources, bituminous coal and
coconut shell, were compared for paclobutrazol removal.
This factorial experiment used a split-plot, randomized com-
plete block design with two factors (two 8 X 30 US mesh
GAC sources and two contact times) blocked over time.
Samples were generated using one 12.7 cmx27.9 cm (3.5 L)
GAC filter housing and two 10.9 cmx22.6 cm (1.9 L) fil-
ter canisters filled with 1.1 kg of COL-GL 60R bituminous
coal-based GAC (Carbon Filtration Systems Inc., RI) and
1.0 kg of coconut shell-based GAC (Carbtrol Corporation,
CT). There were three experimental blocks with two contact
times (0 and 12 s). Within each block, four samples (two
replicates per contact time) were randomly collected using
one GAC source and then the canister was switched out with
the alternative GAC source where four additional samples
were then collected after randomly passing through one or
no filters. The order of GAC source used was randomized
within each block. The total porosity of both GAC sources
was determined to be the same (63% v/v) and their calcu-
lated contact times were therefore equivalent.

The temperature, electrical conductivity, and pH of the
paclobutrazol tank solution across the three experimental
blocks ranged from 25.6 to 27.60 °C, 1.39 to 2.05 pS cm™,
and 5.17 to 5.41, respectively. Sub-samples were taken from
each collected solution for a broccoli bioassay study. A two-
way ANOVA was used to compare the change in paclobutra-
zol concentration and broccoli hypocotyl length with change
in contact time treatment and GAC sources.

Exp. 3 Paclobutrazol removal using GAC
with varying solution pH

Solution pH can influence the absorption rate of organic
substances onto activated carbon. Studies have shown that
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removal of organic contaminants, including various pesti-
cides, using GAC is more effective as solution pH decreases
(Semmens et al. 1986; Hong 1998; Srivastava et al. 2009).
The effect of solution pH on removal of paclobutrazol by
bituminous coal GAC was tested using a randomized com-
plete block design with two factors (four pH levels and two
contact times) separated by time. There were four experi-
mental blocks and each block was defined as one replicate
solution taken from eight treatment combinations based
on varying contact time with GAC (0 and 12 s) and solu-
tion pH (4.0, 6.0, 8.0, and 10.0). This experiment utilized
one 12.7 cmx27.9 cm (3.5 L) GAC filter housing and one
10.9 cm x22.6 cm (1.9 L) filter canister filled with 1.1 kg of
COL-GL 60R 8 x 30 bituminous coal-based GAC.

Each tank’s solution pH was adjusted to 4.0, 6.0, 8.0, or
10.0 using hydrochloric acid and sodium hydroxide. Tem-
perature and electrical conductivity measurements across the
pH levels and four experimental blocks ranged from 3.6 to
177.3 uS cm™" and 27.9 to 29.4 °C, respectively. Sub-sam-
ples were taken from each collected solution to be used in
a bioassay study. A two-way ANOVA was used to compare
paclobutrazol concentration and broccoli hypocotyl length
with GAC contact time between the four solution pH levels.

Results and discussion

Exp. 1 Removal of paclobutrazol with various GAC
contact times

Paclobutrazol concentration decreased as contact time with
GAC increased (Table 2). Analysis of paclobutrazol using
LC-MS/MS found that the concentration decreased by 90
or 99% with a contact time of 12 or 59 s GAC, respec-
tively, compared to samples that received 0 s GAC. Broc-
coli hypocotyls were 104% longer and begonia dry mass
was 36% greater when treated with solutions that had a 59 s
GAC contact time compared with the 0 s GAC treatment.
With the highest GAC contact time, begonia dry mass was
not significantly different compared with plants treated with
the tap water control containing no paclobutrazol (Table 2).
However, the broccoli hypocotyl length was 10% shorter for
plants treated with samples that received 59 s GAC filtration
compared with control plants.

To compare our results with large-scale installations,
it is important to recognize that industrial flow rates and
GAC filter volumes vary widely depending on the target
contaminant, water volume treated, and numerous system
design parameters. Activated carbon filtration systems are
designed to remove a given contaminant below a target
concentration by exposing it to a required contact time in
the filter. The actual contact time depends on the volume
of the filter bed, the porosity of the GAC within the filter
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Table2 Effect of GAC filtr e.xtion Contact time with GAC (s) Paclobutrazol % of initial Begonia dry mass  Broccoli
on paqlobutrazol COIlCCl’ltI‘athIl., concentration © hypocotyl
begonia dry mass, and brqccoh length (cm)
hypocotyl length in Experiment
1 0 100a 0.15¢ 1.86¢
12 9.29b 0.16de 2.76d
24 1.74c 0.17cd 3.16¢
36 1.27¢ 0.19bc 3.64b
47 0.51c 0.19abc 3.56b
59 0.12¢ 0.2ab 3.8b
Control (0 ug L™ Not analyzed” 0.21a 4.2a
ANOVA summary
Filtration Hork Hokok HkE
Block * ns ns
Filtration*block Ak ns ns

The control treatment was tap water, which was not chemically analyzed for paclobutrazol concentration,
but was included in the bioassay. Data represent the least-squared means derived from a one-way ANOVA
using the general linear model procedure in SAS. Different letters next to values within each column indi-
cate significant differences according to Tukey’s honestly significant difference (HSD) test (p <0.05)
*Significant (p <0.05), ***significant (p <0.001)

“Tap water containing zero paclobutrazol applied to control plants was not included for LC-MS/MS chemi-

cal analysis

bed, and the flow rate. For ease of filter system design, the
contact time is usually described as an empty bed contact
time (EBCT), which is calculated from the volume of the
filter bed and flow rate, ignoring the porosity of the GAC.
The EBCT for one GAC filtration unit, is therefore, cal-
culated by dividing the total GAC tank or bed volume by
the flow rate of solution passing through the system. In
this experiment, the EBCT of the highest filtration level
was 90 s. Industry-scale GAC systems for general water
treatment are designed to have an EBCT ranging from 5
to 25 min (Miltner 2007), which was higher than in our
study. Typical EBCTs for removal of agrichemicals such as
atrazine and 2,4-dichlorophenoxyacetic acid (2,4-D) using
GAC range from 10 to 20 min (Summers et al. 2010).
However, in our small-scale trial system, a lower EBCT
was highly effective presumably because of the low flow
rate and lack of other contaminants such as suspended
solids or dissolved ions in the water. Published data on
GAC filtration efficacy are not available for the triazole
chemical class, which contains various agrichemicals
including paclobutrazol and uniconazole. However, the
triazine chemical class (including atrazine, a commonly
used herbicide) has a similar chemical structure to tria-
zoles (Kamrin and Montgomery 2000). Orlandini (1999)
reported that an EBCT of 20 min effectively removed atra-
zine using GAC in a pilot plant scenario for 17 months
before becoming 30% saturated with contaminant, which
increased to 23 months when solution was pre-treated with
ozone prior to entering GAC filtration.

Exp. 2 GAC source material comparison
for paclobutrazol removal

Both types of GAC (bituminous coal or coconut shell) were
equally effective at reducing paclobutrazol based on both
the measured concentrations and the bioassays. Average
paclobutrazol concentration was reduced by 91% with 12 s
of contact time (Table 3). Broccoli seedlings that received
50 pg L™! of paclobutrazol without GAC treatment had
45% shorter hypocotyls compared to the control plants. The
highest GAC contact time treatment reduced but did not
completely eliminate the biological effect of paclobutrazol,
resulting in a 15% decrease in hypocotyl length compared
with the control plants that received zero paclobutrazol.
Activated carbon quality can be evaluated by several
parameters such as iodine number and abrasion number.
Todine number is an indication of general porosity and sur-
face area of GAC products (Miltner 2007). The abrasion
or hardness number indicates the resistance to solid carbon
breakdown overtime due to physical tumbling. A carbon
source with a high abrasion number will be more resistant to
breakdown and carbon loss during backwashing (Clements
2002). Coconut shell carbon products usually have higher
iodine and abrasion numbers than bituminous coal sources.
Todine numbers for coconut shell and bituminous coal GAC
sources in our study were 900 and 1100 mg g~', and abra-
sion numbers were 80 and 90, respectively. However, GAC
sources can range widely within a particular class of par-
ent material, from 850 to 1300 mg g~' iodine and 50-99
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Table 3 The effect of GAC
type (bituminous coal or
coconut shell) on paclobutrazol

Contact time with GAC (s)

Paclobutrazol solution concentration
(ngL™)

Broccoli hypocotyl length (cm)

concentration and broccoli

Bituminous coal

Coconut shell Bituminous coal Coconut shell

hypocotyl length in Experiment
2

0 50.5a 49.9a 1.7a 1.6a
12 5.3b 4.5b 2.5b 2.6b
Control (0 ug L™ Not analyzed” Not analyzed” 3.0c 3.0c
ANOVA summary

Filtration ok HE

GAC type ns ns

Filtration*GAC type ns ns

The control treatment was tap water, which was not chemically analyzed for paclobutrazol concentration
but was included in the bioassay. Different letters next to values represent mean comparison for the interac-
tion between filtration treatment and GAC type using Tukey’s HSD test (p <0.05)

***Significant (p <0.001)

“Tap water containing zero paclobutrazol applied to control plants for the bioassay was not included for

GC-MS chemical analysis

abrasion values depending on the carbon source and acti-
vation method (DeSilva 2000; Potwara 2012; Patil et al.
2013). Greenhouse and agriculture operations can require
frequent backwashing of filters due to excessive buildup of
suspended solids, dissolved organic compounds, and vari-
ous salts that may be in irrigation water. Although there was
no significant difference in paclobutrazol removal between
the two carbon sources, coconut shell carbon could possibly
be more suitable for a greenhouse operation based on its
higher abrasion and iodine number. Research has shown that
coal- and coconut-based GAC are both effective at remov-
ing pesticides that fall in the triazine and phenoxyalkanoic
acid chemical classes (Hart and Chambers 1991; Cougnaud
et al. 2005; Ignatowicz 2009). However, bituminous coal-
based GAC products are most commonly used for filtering
synthetic organic compounds such as pesticides because of
the relatively low cost, product availability, and reliable per-
formance (Chowdhury et al. 2013).

Exp. 3 Paclobutrazol removal using GAC
with varying solution pH

There were no differences in reduction of paclobutrazol con-
centrations between the four pH levels ranging from 4 to 10
(Fig. 1a). The average reduction with 12 s of GAC contact
time across all pH levels was 94%. Plants from all pH levels
that received 12 s of GAC contact time were 22% shorter
than the control plants (Fig. 1b), but showed more growth
than plants receiving 50 ug L™! of paclobutrazol solution
with no GAC filtration. Although carbon adsorption of
organic compounds has been reported to decrease at high
solution pH (Brooks et al. 2000; DeSilva 2000), the lack
of pH effect on removal of paclobutrazol in our study is a
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positive result for GAC use in horticulture, because irriga-
tion water pH can vary widely (Argo et al. 1997).

In a commercial installation of GAC to remove
paclobutrazol, several other water quality parameters may
influence removal efficacy. Influent concentration of the tar-
get contaminant and abundance of competing adsorbates in
solution can influence the adsorption efficacy, service life,
and backwashing frequency needed for a GAC filtration sys-
tem (DeSilva 2000; Kennedy and Summers 2015). In gen-
eral, increasing the influent concentration of a contaminant
will increase the percentage of contaminant absorbed onto
GAC when filtered (Chowdhury et al. 2013). However, high
contaminant concentration also reduces time required for
GAC adsorption sites to become saturated with the target
contaminant, thereby decreasing the service life of the fil-
ter. High amounts of dissolved organic matter or suspended
solids (concentrations of 1000 or 50 mg L™, respectively)
can negatively influence adsorption and capacity for remov-
ing other target contaminants by competing for adsorption
sites. Minimal pre-filtration will also increase backwashing
and GAC replacement frequencies. (Freeman and Harris
1995; Corwin and Summers 2012; Kennedy and Summers
2015; Sounthararajah et al. 2015). Fouling of GAC can also
occur from biological growth, calcium carbonate, iron, and
manganese precipitates (Environmental Protection Agency
1999). Determining the range of influent concentration of
a target contaminant and reducing competing compounds
such as suspended solids should be prioritized when design-
ing a GAC system for greenhouse production. This can be
accomplished through water testing and pre-filtering irriga-
tion water prior to contact with GAC filters.

It is possible that GAC may remediate various
paclobutrazol or other agrichemical products differently
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depending on chemical formulation. GAC could also be
effective at removing agrichemicals related to paclobutra-
zol such as uniconazole and various fungicides categorized
in the triazole chemical group. Future research efforts are
needed to explore the removal of other common agrichem-
icals using GAC and the development of best manage-
ment practices for growers wanting to use this technology.
The results from this study have also supported previous
studies using broccoli or begonia bioassays as an effective
strategy for detecting biologically active concentrations of
paclobutrazol without the use of a chemical water analysis
(Barrett 2006).
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