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Abstract: Ball-milled biochar (BMBC) is a typical engineering material that has promising application
prospects in remediating contaminated soil and water. It is fundamental to rate the transport
behaviors of BMBC in the underground environment before extensive use. In this study, the effects of
the ubiquitous cations (Na+, Mg2+, and Al3+) and model organic matter (humic acid) on the transport
of BMBC were investigated using laboratory column experiments. The results demonstrated the
facilitated effect of HA on the transport of BMBC due to the negatively charged surface and steric
effect under neutral conditions. HA and ionic strength manifested an antagonistic effect on the
transport of BMBC, where the presence of one could weaken the effect from the other. We also found
the charge reversal of the BMBC surface in the presence of Mg2+, thus enhancing the deposition
of BMBC onto the medium surface. On the other hand, the charge reversal from Al3+-coupled
acid conditions led to the restabilization and transport of BMBC in porous media. Therefore, the
rational usage of BMBC is indispensable and more attention should be paid to the composition and
change in underground water that might facilitate the transport of BMBC and thus lead to negative
environmental implications.

Keywords: transport; ball-milled biochar; humic acid; cations; porous media

1. Introduction

The rational rethinking of agricultural waste recycling and carbon sequestration for reduc-
ing greenhouse gas emissions contributed to the discovery and application of biochar [1–3].
Nowadays, biochar has been widely applied in the agricultural and environmental fields
with a high performance–price ratio. In particular, biochar is an important soil amendment
in the improvement of physical and chemical properties of the soil [4–7], and a novel
adsorbent that has a relatively strong adsorption capacity to heavy metals or organic pollu-
tants through the mechanisms of complex formation, electrostatic behavior, ion exchange,
etc. [8–10]. In practice, biochar has usually been directly applied and released into the soil
and thus might lead to dust pollution or the invasion of fine particles into the underground
environment [11,12]. Moreover, the strong adsorption capacity of biochar is a double-edged
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sword and brings the concern about transport behaviors of biochar particles that is im-
portant for the ecological environment and human health. Therefore, the investigation of
biochar transport behaviors is an urgent subject that needs to be explored.

Modified biochar, which has expanded the application scenarios of biochar materials,
is generally obtained from pristine biochar after simple treatments [9,13]. Among them, ball
milling has been proven to be an environmentally friendly engineering method by applying
the theory of mechanochemistry, which greatly reduced the particle size, increased the
specific surface area, and exposed more active edge sites of biochar, thus improving its
adsorption ability [14–16]. Over the past few years, a considerable number of studies have
emerged that have indicated that the adsorption capacity of ball-milled biochar (BMBC)
for heavy metals (e.g., Pb, Cd, Ni, Hg), dyes (methylene blue, methyl orange, rhodamine
b, etc.), and other organic contaminants (antibiotic, pesticide, etc.) from the liquid phase
environment has significantly increased compared to the pristine biochar [16–23]. The
fine BMBC particles fulfill the facilitated transport requirements [24]: (1) with high affinity
to pollutants, (2) with high mobility or ability to be mobilized either before or after the
sorption, and (3) the ability of the compound of particles and pollutants to be transported
in porous media. BMBC therefore might facilitate the transport of contaminants in the
underground environment. On the other hand, BMBC itself and the synergistic effect of
BMBC and pollutants are biotoxic to soil microbes. To a certain extent, the toxicity of BMBC
might be stronger than those of other carbon-based nanomaterials (e.g., graphene oxide
and multi-walled carbon nanotubes) [25,26].

The application of BMBC also inevitably causes a dispersion of BMBC particles into
the environment. Obviously, people are not yet ready for that before understanding well its
environmental effects. As is known, the fine biochar particles that are mostly generated from
pore collapse and matrix fracture (these processes also occur in the ball milling process) have
been intentionally or unintentionally released into the soil environment [11,12]. Previous
studies have reported that solution chemistry (e.g., pH, ionic strength, cation types, organic
matter, surfactants) [27–31] played a significant role in the transport of biochar due to the
state of biochar stability in the aquatic environment [11,32,33]. The solution chemistry
conditions of groundwater, however, are regularly influenced by rainwater, irrigation,
fertilization, or artificial groundwater recharge, which lead to the perturbation of organic
matter and metal cations such as Na+, K+, Ca2+, Mg2+, and Al3+ in groundwater [30].
Furthermore, the organic matter and these cations routinely exist at the same time and
place, and significantly affect the transport and fate of biochar particles [29,34,35]. Though
a lot is known about biochar, our understanding of the transport of BMBC is largely
inadequate.

Humic acid is widely found in groundwater and soil environments and is usually
chosen as the model of organic matter [36]. The packed column has been widely applied in
laboratory investigations for its efficiency and convenience [37]. To our limited cognition,
there is still a knowledge gap in how the interactions between cation types and humic
acid influence the transport of BMBC. Here, in this study, the prepared and characterized
BMBC was subjected to a series of column experiments to systematically investigate the
transport behavior of BMBC in the saturated porous media. Our specific objectives are:
(1) to confirm the facilitation effect of HA on the transport of BMBC; (2) to rate the antago-
nistic effect of HA and ionic strength on BMBC movement; (3) to investigate the effect of
different valences of cations on the mobility of BMBC.

2. Materials and Methods
2.1. Materials

The improved method to prepare BMBC based on Naghdi and Taheran [21] and Lyu
and Gao [17] was described in detail in our previous work [38]. In brief, the pristine ramie
(Boehmeria nivea (L.) Gaudich) biochar that was produced using a tube furnace (MXG 1200-40s,
SH Micro-X, Shanghai, China) at 500 ◦C was added into a planetary ball mill machine
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(YXQM-4L, Changsha MITR Instrument, Hunan, China) and intermittently ground to
prepare BMBC.

The particle size distribution, zeta potentials, specific surface areas, surface charge
number, microscopic morphology, elemental composition, and oxygen-containing func-
tional groups of BMBC or pristine biochar were measured using a dynamic light scattering
(Zetasizer nano ZS90, Malvern Instruments, Malvern, UK), N2 adsorption isotherms based
on the Brunauer−Emmett−Teller (BET) method (F-Sorb 2400, Gold APP Instrument Corpo-
ration, Beijing, China), the ammonium acetate compulsory displacement method, scanning
electron microscopy (SEM) and energy dispersive spectrometer (EDS) (S-4800 Hitachi,
Tokyo, Japan), and a FT-IR spectrometer (Nicolet iS10, Shanghai Precision instrument,
Shanghai, China), respectively.

The purified humic acid (HA) (Guangfu fine chemical research institute, Tianjin, China)
was obtained through sequential dissolution in 0.1 M NaOH and 0.1 M HCl while adjusting
the pH to remove the impurities, and then lyophilization. The stock solution of HA was
prepared for the subsequent experiments.

BMBC stock solution (100 mg L−1) was mixed with a certain quality of BMBC powder
with the prepared background electrolyte solution (with or without humic acid) and
ultrasonicated using an ultrasonic cleaner (KQ-500DE, Kunshan Ultrasonic Instruments,
Kunshan, China) for 2 h. The analytical pure NaCl, MgCl2, or AlCl3 and deionized (DI)
water were used to obtain the background electrolyte solutions with corresponding ionic
strength (IS).

The sieved granular medium (0.425–0.850 mm quartz sand, Zhouzhi County quartz
sand factory, Zhouzhi, China) was successively soaked and washed with tap water, acid
and alkali solutions, and DI water. After drying in an oven at 10 ◦C for 24 h, the cleaned
sand was preserved for the column experiments. The zeta potentials of the quartz sand
were determined using a Zeta-Plus analyzer (Zetasizer nano ZS90) [39].

2.2. Column Experiment

The cleaned quartz sand was wet-packed in a plexiglass column with a 15 cm length
and 3 cm internal diameter. The porosity and the pore volume (PV) of the packed columns
were approximately 0.42 and 45 mL, respectively. A steady flow from bottom to top with a
velocity of 1.0 mL min−1 was achieved using a peristaltic pump (HL-2B, Shanghai Huxi
Analytical Instrument Factory Co., Ltd., Shanghai, China). At least 3 PVs of background
electrolyte solution (with or without HA) were utilized to stabilize the solution chemistry
of the packed columns. Then, 3 PVs of the BMBC solutions with the objective HA concen-
trations (0, 1, 5 mg L−1), cation types (Na+, Mg2+, Al3+), and ISs, and more than 3 PVs of
the corresponding background solutions were sequentially injected. It should be noted
that the experiments were carried out under the condition of 7 ± 0.05 except for the part of
Al3+ that was at a pH of 4, as the environmental chemistry and species of Al3+ speciation
are complex [40]. The ISs of Na+ were 1, 10, and 100 mmol L−1 (mM), and those of Mg2+

and Al3+ were 0.1, 1, and 10 mM because of the consideration of the fast aggregation of
BMBC under the effect of high-valence cations. The effluents were collected every 10 min
using a fraction collector (BS-100A, Shanghai Huxi Analytical Instrument Factory Co., Ltd.,
Shanghai, China) and measured using a UV-VIS spectrometer (UV–2800, Unico Shanghai
Instrument Co., Ltd., Shanghai, China) at 790 nm [34]. Our pre-experiments and previous
studies manifested that the background electrolyte solution did not affect the determination
of BMBC [32].

2.3. Mathematical Model

The transport of BMBC in the quartz sand columns was described using the advection-
dispersion equations, and the parameters were obtained using HYDRUS-1D software [27,41]:

∂Cw

∂t
= D

∂2Cw

∂z2 − v
∂Cw

∂z
− ρ

θ

∂S
∂t

(1)
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ρ

θ

∂S
∂t

= k
(

1− S
Smax

)
Cw (2)

where Cw is the concentration of BMBC (mg L−1); D is the dispersion coefficient
(cm2 min−1); v is the Darcy velocity (cm min−1); ρ is the bulk density (g cm−3); θ is
the porosity; k is the first-order retention coefficient (min−1); and Smax is the maximum
deposited concentration of BMBC (mg g−1).

The estimation methods for the surface potentials of BMBC and granular media
were based on diffuse double-layer theory and Gouy–Chapman theory [42,43]. Without
considering ion polarization, BMBC and quartz sand in a 1:1 type of electrolyte solution
(i.e., NaCl) can be calculated:

ϕ0 = −2RT
ZF

ln
(

1− a
1 + a

)
(3)

κSCN
Sc0

= 1 +
4

1 + a
− 4

1 + e−1a
(4)

κ =

√
8πF2Z2c0

εRT
(5)

where ϕ0 (V) is the surface potential, R (J mol−1 K−1) is the gas constant, T (K) is the
absolute temperature, Z is the valence of the cation, F (C mol−1) is Faraday’s constant,
a is the intermediate variable, SCN (cmol kg−1) is the surface charge number, S (m2 g−1) is
the specific surface area, κ (dm−1) is the Debye–Hückel parameter, and c0 (mol L−1) is the
equilibrium concentration of the cation in the bulk solution.

The surface charge density σ0 can also be calculated [44]:

σ0 =
F SCN
105S

(6)

where the unit of σ0 is C dm−2.
BMBC and quartz sand in a 2:1 type of electrolyte solution (i.e., MgCl2) can be calcu-

lated:

ϕ0 = −RT
F

ln

(
exp2b + 1

)2

(
exp2b

)2 − exp2b + 1
(7)

κCEC
SSAc0

= 1−
3
(

2 +
√

3
)

exp2b+1 −
(

2 +
√

3
) +

3
(

2 +
√

3
)

exp2b −
(

2 +
√

3
)−

3
(

2−
√

3
)

exp2b+1 −
(

2−
√

3
) +

3
(

2−
√

3
)

exp2b −
(

2−
√

3
)

(8)

where b is the intermediate variable.

3. Results and Discussion
3.1. Properties of Ball-Milled Biochar, Pristine Biochar, and Quart Sand

The properties of the BMBC and raw biochar were described in our previous study [38].
In brief, the pristine biochar has a well-developed pore structure. The BMBC particles
were fine and irregular after ball milling. More O-containing functional groups (e.g.,
hydroxyl, carboxyl) of biochar were exposed during the grinding process, while the ele-
mental composition (C 73%, O 18%, and metal elements Ca 5%, Mg 1%, Al and K < 1%) was
hardly changed. In addition, the specific surface area of BMBC was significantly increased
compared to pristine biochar and reached 179.31 m2 g−1. The surface charge number of
BMBC was 71.91 cmol kg−1. Correspondingly, the specific surface area and surface charge
number of the quartz sand were 0.07 m2 g−1 and 0.6 cmol kg−1 [45], respectively.
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Though it possessed a large surface charge number, the surface charge density of BMBC
was 0.39 C m−2 because of the significant specific surface area. By contrast, the surface
charge density of quartz sand was 0.83 C m−2. The high surface charge density contributed
to a high absolute value of surface potentials (Table 1), and the surface potentials of BMBC
or quartz sand were much more negative than the zeta potentials in Na+ or Mg2+ without
HA. Furthermore, the difference in values between surface potentials and zeta potentials
could reach one order of magnitude.

Table 1. Theoretical surface potential of BMBC and quartz sand.

IS (mM) ϕ0-BMBC (mV) ϕ0-Q (mV)

Na
1 −274.06 −431.35

10 −215.78 −371.95
100 −159.04 −312.88

Mg
0.1 −180.49 −267.41
1 −151.05 −237.82

10 −121.75 −208.72

3.2. HA-Facilitated Transport of BMBC

The breakthrough and fitting curves of BMBC are shown in Figure 1. The retention of
BMBC in the packed columns decreased with the HA concentration. Under the condition
without HA or cations, BMBC manifested a strong mobility and a slight tailing phenomenon
in the elution process. As the concentration of HA increased, the maximum value of BMBC
breakthrough curves increased and the BMBC concentrations declined at the tail. It can
be obtained from Table 2 that when the HA concentrations were 0, 1, and 5 mg L−1, the
corresponding recovery rates of BMBC were 74.29%, 76.89%, and 83.93% and the fitted Smax
decreased from 42.85 to 25.00 mg g−1. The same trend was maintained with the addition
of the different cations (Na+, Mg2+, and Al3+) in most cases. Moreover, the presence of HA
retarded the ripening phenomenon caused by 100 mM Na+, and maintained the transport of
BMBC at 5 mg L−1. However, the facilitated effect of HA hardly functioned at 10 mM Mg2.
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Figure 1. Breakthrough and fitting curves of BMBC at different concentrations of HA.

The effect of organic matter on the movement of nanoparticles or colloids has been
specifically investigated, and it still functioned in the transport of BMBC [29,34,35,46].
The mechanisms of HA could be concluded in 2 parts: (1) the steric effect prevented the
attachment of BMBC onto the medium surface; (2) the electrostatic repulsion was enhanced
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between BMBC and quartz sand because of the adsorption of HA, thus stabilizing BMBC
in solutions [32,36]. Our observed results also demonstrated that HA increased the zeta
potentials (absolute values) of BMBC and quartz sand. In particular, the zeta potential of
BMBC decreased from −28.36 to −31.57 mV, and that of sand decreased from −47.10 to
−49.95 mV, which indicated that the stability of BMBC was improved and led to a decline
in BMBC retention. However, there was an upper limit of the facilitated effect from HA.
When the HA concentration increased to a specific value (usually above 4 mg L−1), the
zeta potentials of particles were not significantly increased [32,35]. The limited increase in
zeta potential at 1 mg L−1 HA might be attributed to the high surface charge density of quartz
sand, thus weakening the effect from HA. Actually, it has been reported that the concentration
of dissolved organic carbon in aquatic ecosystems ranged from 0.1 to 10 mg L−1 [47]. Therefore,
the facilitated effect of HA as a model of organic matter concluded from the previous
studies might be overrated.

Table 2. Experimental conditions and fitting results for all column experiments.

Cation
Type

HA
(mg L−1)

IS
(mM)

ζBMBC
(mV)

ζQ
(mV)

k
(min−1)

Smax
(mg g−1) R2 Recovery

(%)

/
0

/
−28.36 −47.10 1.23 × 10−2 42.85 0.98 74.29

1 −29.92 −46.57 9.99 × 10−3 39.43 0.98 76.89
5 −31.57 −49.95 8.82 × 10−3 25.00 0.97 83.93

Na

0
1 −25.69 −45.47 1.81 × 10−2 46.64 0.98 64.06

10 −22.52 −34.50 3.66 × 10−2 110.54 0.95 31.60
100 −4.60 −26.48 / / / 3.39

1
1 −27.21 −47.92 1.37 × 10−2 33.22 0.98 74.03

10 −23.07 −38.61 2.85 × 10−2 83.78 0.96 43.96
100 −6.49 −27.55 / / / 7.56

5
1 −28.47 −48.42 8.89 × 10−3 32.81 0.97 79.79

10 −26.86 −39.23 1.47 × 10−2 57.96 0.98 64.15
100 −11.22 −29.83 3.52 × 10−2 690.07 0.97 23.31

Mg

0
0.1 −25.87 −40.70 1.52 × 10−2 49.37 0.98 65.37
1 −14.94 −32.50 3.42 × 10−2 107.60 0.97 34.63

10 +7.59 −25.08 / / / 0.98

1
0.1 −25.56 −41.43 1.14 × 10−2 41.93 0.99 73.93
1 −15.80 −34.09 3.32 × 10−2 79.64 0.99 39.74

10 +6.83 −26.64 / / / 0.23

5
0.1 −26.57 −39.70 1.29 × 10−2 36.01 0.97 73.83
1 −15.61 −35.56 2.81 × 10−2 79.55 0.97 44.39

10 −2.30 −26.35 / / / 1.91

Al

0
0.1 +4.50 −9.50 / / / 0.25
1 +21.70 +14.89 2.10 × 10−2 47.09 0.99 59.35

10 +33.74 +17.20 5.12 × 10−2 189.80 0.99 14.97

1
0.1 −8.27 −12.31 1.00 × 10−2 35.41 0.94 81.03
1 +17.98 +17.67 1.72 × 10−2 62.49 0.98 60.27

10 +26.25 +19.08 3.15 × 10−2 99.46 0.98 35.81

5
0.1 −15.42 −16.31 1.13 × 10−2 33.52 0.97 76.71
1 −13.69 −22.68 1.71 × 10−2 55.37 0.99 58.22

10 +16.74 +19.94 2.16 × 10−2 89.82 0.99 49.44

ζBMBC—zeta potential of BMBC; ζQ—zeta potential of quartz sand; k—first-order retention coefficient; Smax—the
maximum deposited particle concentration.

3.3. Antagonistic Effect of Humic Acid and Ionic Strength in the Presence of Na+ and Mg2+

Our results demonstrated that the increased HA facilitated the transport of BMBC,
and that the increased IS reduced the mobility of BMBC. As manifested in Figure 2a, the
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effect of different ISs of Na+ on the transport of BMBC is unsurprisingly similar to previous
research [28,31]. With the IS increased in the background electrolyte solutions, the retention
of BMBC in the packed column also increased. Compared with Figure 2a–c, the presence of
HA enhanced the mobility of BMBC, although the effect from HA at 1 mM was limited. It
can be seen from Table 1 that after the addition of HA (1.5 mg g−1), the recovery rates of
BMBC increased from 64.06% to 74.03% and 79.79%. The most significant promoting effect
of HA was under the IS of 10 mM. On the other hand, BMBC experienced a slow penetration
process at HA concentrations of 0 or 1 mg L−1. Specifically, its breakthrough curve slowly
climbed to the maximum value. When the HA concentration was 5 mg g−1, the penetration
process of BMBC was greatly accelerated and the recoveries significantly rose. Moreover,
the ripening phenomenon that occurred in the IS of 100 mM disappeared and BMBC
passed through the quartz sand column and maintained low normalized concentrations
(approximate 0.2) with the “low platform” type of breakthrough curve.
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Figure 2. Breakthrough and fitting curves of BMBC at different ISs of Na with 0 (a), 1 (b), and
5 (c) mg L−1 HA.

For the monovalent Na+, when the IS of the background solution was increased from
1 to 100 mM, the recovery of BMBC decreased from 64.06% to 3.39%, and the retention
amount in the sand columns also increased dramatically. The shape change of the break-
through curves of BMBC in the increasing IS represented the transport mechanism that
the particle–particle attachment tendency was higher than the particle–surface attachment
tendency [48]. Such a high IS compressed the electrical double layer of BMBC based on
Equation (5), which decreased the repulsive interaction between particles so that aggre-
gation occurred, while, with the addition of HA, the recoveries of BMBC increased from
3.39% to 7.56% and 23.31%. In particular, the breakthrough curve of BMBC in 100 mM and
5 mg L−1 HA obtained the maximum Smax value of 690.07 mg g−1 and manifested that the
leading factor was the mechanism of irreversible deposition [49].

Figure 3a showed the effect of different MgCl2IS on the transport of BMBC compared
to Na+. It should be noted that the valence of counterions strongly affected the stability
of colloids, and the concentrations of MgCl2 and AlCl3 were lower than that of NaCl
(NaCl: MgCl2: AlCl3 = 6:3:1) at the same IS based on the Shulze–Hardy rule [50]. For
MgCl2, as the IS increased from 0.1 mM to 10 mM, the overall level of the normalized
concentrations of BMBC decreased in turn, and the recovery rates were also significantly
reduced from 65.37% to 0.98%. Meanwhile, as a comparison, the addition of HA facilitated
the transport of BMBC. At 10 mM, though the recovery of BMBC increased, the Smax value
changed from 107.60 to 79.64 and 79.55 mg g−1. The above results indicated that the
antagonistic effect of HA and IS on the movement of BMBC in porous media functioned
for both Na+ and Mg2+ except for the IS of MgCl2 10 mM.
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The response of BMBC to the divalent cation was more sensitive than that of the monova-
lent cation. Almost all the BMBC was retained in the quartz columns at 10 mM of Mg2+. The
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different mechanism of Mg2+ and Na+ on the mobility of BMBC was mainly attributed
to the bridging effect of Mg2+ [51,52]. On the other hand, the critical coagulation concen-
trations (CCCs) of biochar colloids in divalent cation solutions (Ca2+, 38 mM) were much
lower than those in monovalent cation solutions (Na+, 183 mM) [32]. It can be found in
Figures 2 and 3 that the mobility of BMBC in Mg2+ was significantly weakened than those
in Na+ at ISs of 1 and 10 mM. As shown in Table 2, the theoretical surface potentials of
BMBC and quartz sand in Mg2+ 10 mM without HA were −121.75 mV and −208.72 mV,
respectively, while the observed zeta potentials of BMBC were reversed. The values were
+7.59 mV without HA and +6.83 mV in 1 mg L−1 HA. The charge reversal originated from
the nonelectrostatic ion–surface dispersion interactions and the ion correlation forces, and
the effect of charge reversal generated from Mg2+ was more significant than other divalent
cations (Ca2+ > Sr2+ > Ba2+, a Hofmeister series) [53]. The calculated surface potentials
and zeta potentials of the medium were negative due to a higher surface charge density.
Therefore, the differences in electrokinetic properties between BMBC and quartz sand
and the instability of BMBC presented as low zeta potentials resulted in the retention of
BMBC in the packed columns. In addition, the commonly existing electrostatic shielding
effect of cations undermined the electronegativity of BMBC particles and the surface of the
medium [50,54]. The combination of the bridging effect and charge shielding effect led to
the “permanent” deposition of BMBC particles so that the high concentration of HA could
not promote the transport of BMBC at 10 mM.

The calculated surface potentials of BMBC and granular media in Na+ and Mg2+

solutions are shown in Table 2. Note that the surface potential in the presence of HA was
not given, because of the limitation of the theoretical arithmetic. In this study, the DLVO
theory was not to analyze the interaction between BMBC and the granular media, because
the neglection of the specific ion effect and the replacement of surface potential with the
zeta potential representing the electric potential of the shear plane that was far away from
the solid–liquid interface at the dilute electrolyte solution, therefore, might lead to indirect
results [55–57]. HA stabilized the BMBC particles in solution so that promoted the transport
of BMBC in porous media. HA contained different types of functional groups, mainly
phenolic and carboxyl groups, and the deprotonation of these groups produced a repulsive
force that caused the stretched chain structure [36].

Generally, the oxygen-containing functional groups on the surface of HA made it a
higher surface charge density. The attachment to the surface of BMBC and quartz sand
could increase the charge density and enhance the steric effect, thus improving the stability
and mobility of BMBC [58]. Although HA usually was taken as a model of organic matter
in experiments, there were still many differences between HA and natural organic matter.
Particularly, the ISs of dissolved organic matter extracted from different sources were
significantly larger than that of HA [35]. Therefore, the limited facilitated effect on the
transport of nanoparticles might be attributed to the discrepancies of ISs. The antagonism
and balance between IS and HA on the fate and transport of BMBC could reveal the
mechanism of how organic matter and solution chemistry influence the environmental
implication of nanoparticles.

3.4. Effect of Al3+ and HA on Transport of BMBC under Acidic Conditions

The experimentally related pH of Al3+ was determined under acidic conditions due to
the solubility of Al3+ [40]. Therefore, it should be noted that this part of the experimental
design was relatively independent of the other parts. The results could appropriately
extend the application of BMBC to the proper environment. Figure 4a shows the transport
of BMBC affected by Al3+ under acidic conditions. The results indicated that Al3+ with an
IS of 0.1 mM directly inhibited the transport of BMBC. In particular, only 0.25% of BMBC
passed through the quartz sand column, and most of the BMBC was deposited on the
bottom of the sand column. Interestingly, with IS increased, BMBC passed through the
packed columns instead of retention.
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The advection-dispersion equations could also well describe the transport of BMBC
under the effect of Al3+ and HA. Except for the unfavorable condition of 0.1 mM, the
recoveries of BMBC were 59.35% and 14.97% and the Smax values were 47.09 mg g−1 and
189.80 mg g−1 at ISs of 1 mM and 10 mM, respectively. From recovery rates that were
approximately 60%, while the addition of HA in IS 1 mM did not influence the mobility of
BMBC, the fitted parameters, however, sequentially were 47.09, 62.49, and 55.37 mg g−1 at
1 mM from HA 0–5 mg L−1. The difference was also reflected in the breakthrough curves.
In particular, these curves went from “sharp” (rapid rise) to more “smooth” (asymmetric
rise in the plateau), and the maximum normalized concentration of BMBC changed from
0.70 to 0.63 and 0.64 with the addition of HA, which represented a typical detachment
decline process, and the simulated k values of BMBC decreased from 2.10 × 10−2 to
1.72 × 10−2 and 1.71 × 10−2 min−1 [48]. It could be concluded that the existence of
HA influenced mechanically the transport of BMBC. Furthermore, it was reported that
the effect of HA easily reached the upper limit (especially over 4 mg L−1), which was
more obvious for considering the fitted Smax values of BMBC significantly decreased from
189.80 to 99.46 and 89.82 mg g−1 [35].

The trivalent cation (i.e., Al3+) presented a more significant bridging effect than the
divalent cation. Actually, the presence of Al3+ significantly influenced the stability of
BMBC [51]. The stability of colloid particles in the aqueous solution and the degree of
repulsive electrostatic interaction between the adjacent charged particles can be reflected
by the zeta potentials. Our pre-experiments indicated that the isoelectric points of BMBC
and quartz sand were both below pH 4. Therefore, their zeta potentials were both negative
without the effect of Al3+. However, the observed zeta potentials of BMBC (+4.50 mV) and
quartz sand (−9.50 mV) were totally contrary, which signified the opposite direction in the
electrophoresis. That is to say, the BMBC has a strong tendency to deposit on quartz sand
under the effect of the electrostatic interaction. With the increase in the IS, the reverse surface
charge was observed again. Moreover, the zeta potentials of the quartz sand with a larger surface
charge density than BMBC turned positive under 1 and 10 mM conditions. The observed
values of BMBC and the medium were +21.70 mV and +14.89 mV at IS of 1 mM, respectively.
From this perspective, BMBC became more stable in the solution. In the previous research,
the surface charge reversal for quartz sand from negative to positive yielded by Al3+ was
also reported [59]. The electrostatic repulsion predominated the interaction between the
positively charged BMBC and quartz sand, thus enhancing the mobility of BMBC. With
the IS of AlCl3 increased to 10 mM, the recovery of BMBC decreasing from 59.35% to
14.97% might be attributed to the enhancement of hydrophobicity. It was reported that the
contact angle and the sign of hydrophobicity increased and then declined with the Al3+

concentrations increasing from 0 to 10 and 40 mg L−1 [60].
For the different ISs of Al3+, the presence of HA could influence the transport of

BMBC in porous media, as shown in Figure 4b,c. The breakthrough curves of BMBC
shared the same pattern that the normalized concentrations rapidly increased and then
reached the maximum value relatively slowly, which demonstrated that the particle–solid
association was temporarily retained and the reversible deposition therefore detached [48].
The solution chemistry of low pH could enhance the affinity of dissolved organic matter
(i.e., HA) to BMBC under the effect of electrostatic interaction [47,58]. As a consequence,
the zeta potentials of BMBC became more negative with the adsorption of HA. On the other
hand, the strong binding sites on HA were occupied and the binding affinity from inducing
conformational changes of the humic macromolecule was reduced, which made binding
sites unavailable [61,62]. The limited effect from the dilute concentration of Al3+ could not
cover the facilitated effect of HA. Therefore, the addition of HA restored the mobility of
BMBC in porous media.

The facilitated effect of HA and the inhibitory effect of IS on the transport of BMBC
have functioned in most cases. This antagonism, when the HA concentration was high,
counteracted the effect of IS on BMBC, thereby promoting the transport of BMBC in the
medium. Moreover, the protonation of HA O-containing functional groups was enhanced
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under acidic conditions [63]. However, the increase in cation concentration could enhance
the shielding in the negative surface charge of BMBC or the medium, or even reverse the
charged surface [53,59]. The larger the amount of charge, the greater the effect of cations on
the formation of pseudo-capillaries [36].

The results demonstrated that the limited facilitated effect of natural organic matter might
be the result of the interaction between the dissolved substance and the coexisting cations.

4. Conclusions

In this research, the effect of cation type, IS, and HA was systematically studied using
the packed sand column experiments. The results demonstrated that the presence of HA
enhanced the mobility of BMBC in most cases by the negatively charged surface and
steric effect and that the enhancement effect of HA had an upper limit. The increased
IS, however, inhibited the facilitated effect from HA. The antagonistic effect of HA and
IS on the transport of BMBC functioned in most cases, where the presence of one could
weaken the effect from the other. The increased ISs of monovalent cation Na+ mainly
influenced the transport of BMBC by compression of the electrical double layer, leading to
the decrease in the electrostatic interaction, while the divalent cation Mg2+ and trivalent
cation Al3+ were largely attributed to the bridging effect. When the surface charge reverse
occurred in MgCl2 IS 10 mM, the permanent deposition of BMBC invalidated the facilitated
effect of HA. The observation of reverse charge was more obvious in Al3+ under acidic
conditions, which resulted in the restabilization and transport of BMBC in an IS of 1 mM.
It indicated that the mobility of engineering material might be facilitated in the presence
of Al3+, especially under acidic conditions. The fitted results of advection-dispersion
equations indicated that the transport mechanism of BMBC in porous media was mainly
particle–surface attachment. Though this work systematically investigated the transport
of BMBC in porous media, the abundance of carbon-based engineering materials and the
heterogeneity of the underground environment still need further laboratory and field work
to promote environmental protection and sustainable development.
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