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Abstract Genetically modified agricultural products
have been introduced to increase food supply by en-
hancing their resistance to pests and diseases, along with
easily adapting to environmental conditions. Due to the
modification of DNA, public objections are prevalent,
including concerns on the impact on the ecosystem. In
this research, adsorption and transport of Cry1Ab, a
toxin exuded by the transgenic Bt maize in alumino-
silica clays, were evaluated in laboratory columns under
steady-state flow conditions. Since Cry1Ab fate and
transport were very responsive to animal waste field
applications, during which humic acids were released,
Cry1Ab adsorption and transport in humic acid-coated
alumino-silica clays were also investigated. Cry1Ab
breakthrough curves were simulated using the
convection-dispersion transport models. It was discov-
ered that the humic acid coating increased Cry1Ab

deposition during the transport. Based on analysis of
the breakthrough curves, adsorption isotherms of
Cry1Ab in alumino-silica clays were obtained and com-
pared with those of batch experiments. The humic acid
coating changed the bonding energy between Cry1Ab
and the adsorption receptor sites on alumino-silica clay
surfaces, thereby changing Cry1Ab partition between
the aqueous phase and the solid phase.
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1 Introduction

Genetically modified agricultural products have been
introduced in the agricultural system and on the market
of consumer goods in the last 10 to 20 years (Lehrman
and Johnson 2008; Wheatley 2009). Owing to the po-
tential to modify the DNA of living organisms, there are
extensive discussion and controversy regarding genetic
engineering applications in agricultural practices
(Uzogara 2000). Public objections have numerous
causes, including the impact on the ecosystem (Barton
and Dracup 2000; Carstens et al. 2012; Loureiro et al.
2009; Peterson et al. 2000; Wheatley 2009). Transgenic
Bt maize is one of the most extensively studied exam-
ples, which is genetically modified with genes from
Bacillus thuringiensis (Bt), a naturally occurring ubiq-
uitous soil bacterium. Transgenic Bt maize plants ex-
press toxins against lepidopteran (Cry1Ab protein),
which may eventually impact the ecosystem.
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The fate of Cry1Ab, as a toxin in the soil, is an
important consideration for soil and groundwater con-
taminations. It has been demonstrated that Bt plants
exude Cry1Ab from their roots during their entire life
cycle. Cry1Ab is also released from dead plant material
into the soil (Helassa et al. 2011). Besides, Bt-corn
pollen is also the potential source of Bt proteins that
can be introduced to the soil of both the designated
farming land of genetically modified crops and adjacent
land. Available data indicate that the half-life of Cry1Ab
incorporated into the soil is 1.6 to 22 days but can be as
long as 46 days (Clark et al. 2005). These numbers vary
considerably based on soil characteristics. Laboratory
and field studies have demonstrated that degradation of
Cry1Ab in agricultural soils can be carried out by soil
microorganisms (Fu et al. 2012; Lutz et al. 2006) and
Cry1Ab causes no or only minor changes in microbial
community structure, which is often transient in dura-
tion (Clark et al. 2005). Cry1Ab fate is very responsive
to agricultural practices including animal waste field
applications. Depending on different agricultural prac-
tices, Cry1Ab might cause a longer persistence and
subsequent accumulation in the soil or water.

Animal waste is considered a valuable resource,
which, when managed properly, can reduce the need
for commercial fertilizer. Animal waste can add organic
matter to improve the soil water holding capacity and
tilth (Ma et al. 1998). It also provides an economical
source of nitrogen, phosphorus, and potassium as well
as other nutrients needed for plant growth. Currently, it
is well-recognized that land applications are the best
method of utilizing animal manure. Animal waste field
applications would lead to the release of humic acids,
which can combine with metal ions, oxides, and clay
minerals to form water soluble or insoluble complexes
and thus affect Cry1Ab transport in the soil.

In order to assess the impact of genetically modified
agricultural practices on the ecosystem, the fate and
transport of Cry1Ab in the subsurface soil should be
investigated. Especially, with popular animal waste field
applications, humic acids would release and coat the soil
media surface, which thereby changes Cry1Ab adsorp-
tion in the agricultural soil. In this research, it was
hypothesized that Cry1Ab protein persisted in the soil
and its fate and transport depended on agricultural field
practices such as animal waste applications. The objec-
tives of this research were to evaluate Cry1Ab adsorp-
tion and transport in the subsurface soil under animal
waste field applications. Geological formation of

alumino-silica clays was used as model media, and
Cry1Ab transport was evaluated in laboratory columns
under steady-state flow conditions with humic acid-
coated alumino-silica clays. Cry1Ab breakthrough
curves were simulated using the convection-dispersion
transport models, and simulated adsorption transport
parameters were interpreted based on the results of batch
adsorption isotherms.

2 Materials and Methods

Purified Cry1Ab protein was purchased from
MyBioSource, Inc. (San Diego, CA). Hydrolysis of
Cry1Ab was first evaluated by dissolving Cry1Ab in
0.1 M phosphate buffer at a concentration of 500 ng/mL
and pH 6 and 7. The solution was transferred into screw-
cap glass test tubes and incubated at 25 °C in the dark.
At different time intervals, Cry1Abwas sampled and the
concentration was analyzed by enzyme-linked immuno-
sorbent assay (ELISA) with a QuantiPlate kit (AP 003,
Envirologix, Portland, ME) at 450 nm (SpectraMax
190, Molecular Devices, Sunnyvale, CA). The above
experiments were performed in triplicate.

The mineralogical alumino-silica clays of zeolite
(ZK406H, ZS403H, and ZS500H) (obtained from St.
Cloud Mining Co., Winston, NM) were used as model
media in this research. The zeolite type of ZK406H and
ZS403H is clinoptilolite, and the zeolite type of ZS500H
is chabazite. The average geometric mean grain size of
the zeolite used for this research was 2.54 mm, and the
specific surface areas were 531.7, 546.4, and 478.6 m2/g
for ZK406H, ZS403H, and ZS500H, respectively, as
determined by BET gas adsorption using N2

(ASAP2010, Micromeritics, Norcross, GA). The bulk
densities were 0.97, 1.12, and 0.85 g/cm3, and the ion
exchange capacities were 1.54, 1.76, and 2.21 meq/g for
ZK406H, ZS403H, and ZS500H, respectively. Bulk
density linked Cry1Ab adsorption in zeolite to its aque-
ous concentration, thus playing an important role in
Cry1Ab adsorption. After rinsing using deionized water,
the zeolite clays were treated with sodium acetate, hy-
drogen peroxide, sodium dithionate, and sodium citrate
to remove impurities such as organic matter.

Humic acids were extracted from dairy manure col-
lected from a dairy farm located 1 mi south of the city of
Mayo, Florida. The manure was first mixed with de-
ionized water with pH adjusted to 12 with NaOH. After
shaking for 1 h, the manure solution was filtered by a
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0.45-μm filter. The pH of the filtrate was lowered with
HCl, and the precipitates were collected and dried as
extracted humic acids. Zeolite was coated by the humic
acids as described below. The humic acids were added
with 0.1 M NaOH, mixed with zeolite (1: 5 w/w) in
0.01 M NaNO3 solution (pH 7.5), and shaken for 48 h.
Coated zeolite was then washed with 0.1 M NaNO3

(pH 7.0) via centrifugation. After rinsing with de-
ionized water, coated zeolite was oven-dried at 110 °C.
The amount of humic acids coated on zeolite was deter-
mined by detachment of the humic acids in 1 M NaOH
followed by quantification with UV-vis spectrometry
(Agilent Technologies Cary 60) at a wavelength of
254 nm. The spectroscopic measurements were calibrat-
ed with a TOC analyzer (Shimadzu TOC 5000). The
amount of humic acids that could be coated onto the
three zeolite clays was around 1 mg/g.

2.1 Cry1Ab Adsorption Isotherm

Batch isotherms were conducted to determine Cry1Ab
adsorption in zeolite and humic acid-coated zeolite. A
series of 25-mL vials containing Cry1Ab solutions
(20 mL) at the concentrations of 50, 100, 150, 250,
400, and 500 ng/mL in 0.1 M phosphate buffer (to help
maintain a constant pH of the solution) and 50-mg
zeolite or humic acid-coated zeolite as well as blank
controls (sealed with Teflon-lined screw caps) were
agitated on a wrist action shaker (Burrel Scientic,
Model 75) to reach equilibrium, i.e., the amount of the
Cry1Ab in the supernatant remained constant with time.
0.1 mL of CHCl3 was added to prevent microbial activ-
ities. The suspension was then centrifuged at 12,000×g
for 15 min, after which Cry1Ab concentration in the
supernatant was measured by ELISA with the
QuantiPlate kit. The amount of Cry1Ab adsorbed on
zeolite or humic acid-coated zeolite was calculated
based on the mass balance of the difference between
the initial and equilibrated solutions. Three replicates
were conducted for each sample.

2.2 Column Experiments

Column experiments were conducted to study the ad-
sorption and transport of Cry1Ab in zeolite and humic
acid-coated zeolite. The column experiments were con-
ducted under saturated conditions with the column (5-
cm ID × 15-cm length) vertically oriented. The bottom
of the column was sealed with a custom fit to permit the

flow of water and retain the zeolite clays. To pack the
column with zeolite, the column was first filled with
nanopure de-ionized water to a height of 2 to 3 cm and
the zeolite was packed in the column through CO2

solvation to eliminate air pockets. During packing, a
height of 2 to 3 cm of nanopure de-ionized water was
maintained. As mentioned before, the bulk densities
were 0.97, 1.12, and 0.85 g/cm3 for ZK406H,
ZS403H, and ZS500H, respectively, once they were
packed in the column. For each series of the column
experiments, a fresh column was packed. To ensure a
stabilized flow regime and eliminate the impurity, ap-
proximately 100 pore volumes of nanopure de-ionized
water were eluted through the column by a peristaltic
pump prior to each experiment (Masterflex, Cole-
Parmer, Vernon Hills, IL). A conservative pulse tracer
(chloride) breakthrough curve was generated separately
before the introduction of Cry1Ab. For each column
run, 135 mL of Cry1Ab at a concentration of 500 ng/
mL in 0.1 M phosphate buffer of pH 7 (in the presence
of 0.005 mL/mL of CHCl3 to prevent microbial activi-
ties) was introduced to the column at a flow rate of
1.5 mL/min, after which the column was continuously
flushed with nanopure de-ionized water until the back-
ground signal was detected from the elution collected by
a fraction collector. The collected elution was measured
for Cry1Ab as described before. For each column ex-
periment, three runs were performed, and the inconsis-
tency of breakthrough curves was within 5% (95% CI).

Under saturated conditions, Cry1Ab transport was
controlled by kinetic adsorption and equilibrium adsorp-
tion processes. Cry1Ab transport can thus be described
by (Bai et al. 1997)

θ
∂
∂t

C þ ρb
∂S
∂t

¼ ∂
∂z

θDz
∂C
∂z

� �
−
∂
∂z

qC½ �−θk1C ð1Þ

∂Cr

∂t
¼ k1

1

ρb
C ð2Þ

where C is the Cry1Ab concentration in the solution; ρb
is the media bulk density; S is the adsorbed Cry1Ab that
is in equilibrium with the Cry1Ab in the solution; Dz is
the apparent dispersion coefficient, which is estimated
from Pe, i.e., DZ ¼ vL

Pe (L is the length of the column,
and v is interstitial pore water velocity); q is the specific
discharge (Darcian fluid flux); k1 is the deposition coef-
ficient; θ is the porosity; Cr is the kinetically adsorbed
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Cry1Ab; z is the axial coordinate; and t is the time. If the
equilibrium adsorption (i.e., reversible adsorption) of
Cry1Ab is assumed to be linear, then

∂S
∂t

¼ ∂S
∂C

∂C
∂t

¼ Kp
∂C
∂t

ð3Þ

where Kp is the partition coefficient of Cry1Ab between
the aqueous phase and zeolite clays. By substituting Eq.
(3) into Eq. (1), Eq. (1) becomes

1þ ρbKp

θ

� �
∂C
∂t

¼ ∂
∂z

Dz
∂C
∂z

� �
−
∂
∂z

q
θ
C

h i
−k1C ð4Þ

Defining (1 + ρbKp

θ ) as the retardation factor, R, Eq. (4)
is simplified as

R
∂
∂t

C ¼ ∂
∂z

Dz
∂C
∂z

� �
−
∂
∂z

q
θ
C

h i
−k1C ð5Þ

The above models are only valid if the media
surface coverage by Cry1Ab was low. In this
research, a fresh column was used for each
Cry1Ab transport experiment. Therefore, the media
surface coverage remained very low. Subsequently,
above equations should be valid to be utilized to
describe Cry1Ab transport. During simulation, a
pulse-type boundary condition was used for the
upper boundary and a zero gradient was assumed
for the lower boundary (Reed 1965):

−θDz
∂C
∂z

þ qC
� �

z¼0

¼ qC0 at 0 < t≤ t0
0 at t > t0

� �
ð6Þ

∂C
∂z

����
z¼L

¼ 0 ð7Þ

where t0 is the duration of injection and C0 is the initial
Cry1Ab concentration.

3 Results and Discussion

Based on the Western blot analysis, 90% of the Cry1Ab
protein had a molecular size of 65 kDa. Fragmented
Cry1Ab protein included 5% in the size of 34 kDa and
5% in the size of 17 kDa. The zeta potential of Cry1Ab
at pH 7 was − 18.4 mV. Cry1Ab was relatively resistant
to hydrolysis at a neutral pH of 7, indicating insignifi-
cant of abiotic degradation (Fig. 1). With the decrease of
pH, hydrolysis of Cry1Ab increased, which displayed a
linear relationship with incubation time. At pH of 6,
hydrolysis of Cry1Ab was obvious with 16% hydro-
lyzed after 8 days and 40% hydrolyzed after 16 days. All
the column experiments in this research were conducted
at pH of 7 within 900 min. Therefore, Cry1Ab loss by
hydrolysis could be ignored.

ZS500H had the greatest negative ζ-potential of
− 31.3 mV, ZK406H had the smallest ζ-potential of
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Fig. 1 Hydrolysis of Cry1Ab as
a function of time
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− 27.4 mV, and ZS403H was in between with a ζ-
potential value of − 28.2 mV. Cry1Ab displayed a linear
adsorption isotherm in ZK406H, ZS403H, and
ZS500H, respectively. When equilibrium adsorption
was reached, the partition coefficients of Cry1Ab be-
tween the aqueous phase and ZK406H, ZS403H, and
ZS500H was 17, 13, and 10 mL/g, respectively. The
adsorption of Cry1Ab in ZK406H, ZS403H, and
ZS500H increased linearly with the increase of the
equilibrium concentration up to 30 ng/mL (Fig. 2).
Cry1Ab had the greatest adsorption in ZK406H, follow-
ed by ZS403H and ZS500H. Cry1Ab also displayed
linear adsorption isotherm in humic acid-coated zeolite

with partition coefficients of 25, 15, and 11 mL/g for
ZK406H, ZS403H, and ZS500H, respectively.

Nearly all the input tracer was eluted from the
column (Fig. 3). The tracer breakthrough curve was
simulated with Eq. (1). During the model simula-
tion, k1 was set to 0. This was based on the consid-
eration that chloride should not be retained in the
media as chloride was assumed to not adsorb in the
media. This is true since nearly all the inputted
chloride was eluted from the column at the end of
the tracer experiments. After the simulation, Dz was
determined to be 11.2 cm2/min, which was then
used for all the simulations of Cry1Ab transport in
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Fig. 3 Cry1Ab transport
breakthrough curves in zeolite
and humic acid-coated zeolite
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Fig. 2 Cry1Ab adsorption
isotherms in zeolite clays and
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zeolite clays. Breakthrough curves of Cry1Ab in
ZK406H, ZS403H, and ZS500H were characterized
by a self-sharpening front, which became broader
and more diffuse at the elution limb (Fig. 3). The
long-lasting tails of the breakthrough curves indicat-
ed kinetic-controlled Cry1Ab retention in the col-
umn. Under saturated conditions, Cry1Ab transport
is controlled by kinetic adsorption and equilibrium
adsorption processes, which has been proven to be
true for solute transport in sand columns. Equations
(1) and (2) were solved by using a finite-difference
method with a predictor-corrector time-stepping
scheme with a pulse-type boundary condition for
the upper boundary and a zero gradient for the lower
boundary. All the parameters were optimized by
minimizing the sum of squared differences between
observed and fitted concentrations using the nonlin-
ear least-square method (Toride et al. 1995).

Cry1Ab displayed irreversible adsorption or ki-
netic adsorption in zeolite clays, which was evi-
denced by the reduced mass recovery during the
transport. The kinetic adsorption was best de-
scribed by the deposition coefficient. The humic
acid coating increased Cry1Ab kinetic adsorption
in zeolite clays. As shown in Fig. 3, as compared
to uncoated zeolite clays, Cry1Ab had greater de-
position in humic acid-coated zeolite clays (depo-
sition coefficients of 4.31, 2.72, and 1.84 h−1 as
compared to 3.21, 2.31, and 1.59 h−1 for ZK406H,
ZS403H, and ZS500H, respectively). It was likely

that the humic acid coating impacted zeolite sur-
face properties. The increase of deposition of
Cry1Ab in humic acid-coated zeolite clays was
attributed to the coating of humic acids on the
zeolite surfaces.

Although linear adsorption isotherms were dis-
covered from batch experiments, nonlinear adsorp-
tion isotherms were suspected for Cry1Ab in zeolite
clays. A method has been developed to allow rapid
determination of nonlinear adsorption isotherms by
integrating the diffuse front of the breakthrough
curves (Burgisser et al. 1993). Based on this meth-
od, the concentration of reversibly adsorbed Cry1Ab
in zeolite clays, S, can be obtained by integrating the
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Fig. 4 Cry1Ab nonlinear
adsorption isotherms simulated
from breakthrough curves
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experimental record of the retention time t(c) if the
dispersion term can be neglected (D = 0):

S ¼ θ
ρb 1−θð Þ ∫

c

0

t c
0	 


t0
−1

 !
dc

0
− ∫

c

0
t c

0
� �

kcdc
0 ð8Þ

where t0 = L/v and is the average Cry1Ab travel time
in the column. The insignificant role of hydrody-
namic dispersion on solute transport in a column has
been proven to be valid (Unice and Logan 2000). It
has been demonstrated that hydrodynamic disper-
sion can be neglected for Pe > 100. For this re-
search, all the column experiments were performed

with Pe > 100; thus, Eq. (8) can be used to deter-
mine the Cry1Ab adsorption isotherms.

Cry1Ab adsorption isotherms were obtained using
Eq. (8) from Cry1Ab transport breakthrough curves
(Fig. 3). Based on the transport breakthrough curves of
Cry1Ab, the adsorption isotherms of Cry1Ab in zeolite
and humic acid-coated zeolite were determined, which
followed Langmuir adsorption isotherms:

S ¼ αKCe

1þ KCe
ð9Þ

where S is the adsorbed Cry1Ab in zeolite, α is the mass
of Cry1Ab required to completely cover a unit mass of
zeolite,Ce is the Cry1Ab equilibrium concentration, and
K is the Langmuir adsorption constant, which increases
with the increase of the binding energy of adsorption.
The α and K values were obtained using numerical
simulation of the Langmuir adsorption isotherms
(Fig. 4). CrylAb had α value of 0.073 ng/g for
ZK406H, 0.135 ng/g for ZS403H, and 0.037 ng/g for
ZS500H. With humic acid coating, the α values de-
creased to 0.057, 0.086, and 0.036 ng/g, respectively.
α exponentially increased with the increase of zeolite
clay-specific surface area (Fig. 5). The K values had
opposite trends as compared to α, which increased from
246, 89, and 42 to 421, 105, and 71mL/ng for ZK406H,
ZS403H, and ZS500H, respectively, with humic acid
coating. The underlying principle behind the adsorption
isotherms resulted from forms of bonding between
Cry1Ab and adsorption receptor sites on zeolite

Wavenumber (cm
-1
)

800 1000 1200 1400 1600 1800

A
b
s
o
r
b
a
n
c
e

0.00

0.05

0.10

0.15

0.20

0.25

0.30

ZK406H

ZS403H

ZS500H

Fig. 7 Zeolite surface functional
groups determined by infrared
spectroscopy

K (mL/ng)

0 50 100 150 200 250 300

K
p
 (
m
L
/g
)

8

10

12

14

16

18

Fig. 6 Partition coefficient of Cry1Ab between the aqueous phase
and zeolite clays, Kp, as a function of the Langmuir adsorption
constant, K

Water Air Soil Pollut (2017) 228: 387 Page 7 of 8 387



surfaces. Therefore, the coating of humic acids changed
the bonding energy between Cry1Ab and the adsorption
receptor sites on zeolite surfaces. The K values were
linked to the partition coefficient of Cry1Ab between the
aqueous phase and zeolite, Kp, which exponentially
increased with the increase of K (Fig. 6).

To further understand the different behaviors of zeo-
lite clays in terms interactions with Cry1Ab, infrared
spectroscopy (IR) was performed to investigate the
chemical structures of the zeolite clays. The IR results
indicated that zeolite was mainly composed of ethers
(−CH2–O–, CH3–O–, −C–O–C–) (peaks shown at the
frequencies of 1000, 980, 1060 cm−1) besides a much
smaller amount of aldehydes (RCOH) (1700 cm−1),
ketones (RCOR) (1680 cm−1), carboxylic acids
(RCOOH and RCOO–) (1690 and 1600 cm−1), and
hydroxyl (OH–) (3600 cm−1). Functional groups of
ethers contributed to the surface hydrophobicity, and
aldehydes, ketones, and carboxylic acids contributed to
the surface hydrophilicity (Barnes et al. 1944). As
shown in Fig. 7, ZK406H and ZS403H had much stron-
ger peak intensities at the frequency of 1000 cm−1 than
those of ZS500H. Consequently, ZK406H and ZS403H
exhibited more surface hydrophobicity and stronger
retention of Cry1Ab.
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