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Abstract: The aim of this study was to understand the efficacy of widely available minerals as
dual-function adsorbers and weighter materials, for the removal of toxic azo-type textile dyes when
combined with coprecipitation processes. Specifically, the adsorption of an anionic direct dye was
measured on various mineral types with and without the secondary coagulation of iron hydroxide
(‘FeOOH’) in both a bench-scale stirred tank, as well as an innovative agitated tubular reactor (ATR).
Talc, calcite and modified bentonite were all able to remove 90–95% of the dye at 100 and 200 ppm
concentrations, where the kinetics were fitted to a pseudo second-order rate model and adsorption
was rapid (<30 min). Physical characterisation of the composite mineral-FeOOH sludges was also
completed through particle size and sedimentation measurements, as well as elemental scanning
electron microscopy to determine the homogeneity of the minerals in the coagulated structure.
Removal of >99% of the dye was achieved for all the coagulated systems, where additionally, they
produced significantly enhanced settling rates and bed compression. The greatest settling rate
(9 mm min−1) and solids content increase (450% w/w) were observed for the calcium carbonate
system, which also displayed the most homogenous distribution. This system was selected for
scale-up and benchmarking in the ATR. Dye removal and sediment dispersion in the ATR were
enhanced with respect to the bench scale tests, although lower settling rates were observed due
to the relatively high shear rate of the agitator. Overall, results highlight the applicability of these
cost-effective minerals as both dye adsorbers and sludge separation modifiers to accelerate settling
and compression in textile water treatment. Additionally, the work indicates the suitability of the
ATR as a flexible, modular alternative to traditional stirred tank reactors.

Keywords: anionic azo dye; iron (oxy)hydroxide; coagulation; calcite; bentonite; talc

1. Introduction

Wastewater is generated in large amounts by the textile industry and may possess
high colouration due to the presence of organic dyes that are not easily broken down
through natural degradation [1]. Coloured water reduces light penetration that is required
for the survival of aquatic organisms, and as such, textile effluents must be treated to
remove dye compounds to both comply with local environmental discharge levels and
facilitate the recycling of wastewater for re-use within the process [2]. In addition to
colouration, a number of dye types can be toxic to aquatic ecosystems or human health.
In particular azo dyes (consisting of single or multiple azo bonds) are difficult to degrade
biologically and are the largest group of textile dyes [3]. While azo dyes themselves are not
considered toxic, they can be cleaved under anaerobic conditions if ingested by organisms
or microorganisms, forming severely harmful aromatic amines [3–5]. Therefore, their
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removal from effluent streams is a critical priority, especially in developing countries where
large textile industries are based.

Salt coagulation is often employed for the enmeshment and separation of dyes or
other pollutants from wastewater, due to the relatively low cost of the hydrolysing metal
salts of aluminium [1,3] or iron [4–7] that are typically used. In order to increase the
removal efficiency such that industrial wastewater can be more fully recycled, adsorption
can be employed as a secondary step to both increase dye removal and potentially reduce
the amount of coagulant required in the process [8–11]. For example, activated carbon is
effective as an adsorbent for removal of molecules smaller than the width of the microp-
ores in its structure [10–14], and is frequently used in combined coagulation–adsorption
processes [1,10,11]. However, due to slow solute diffusion within the micropores, removal
of larger molecular weight compounds such as dyes, adsorption may be limited [12,14]
and regeneration of the activated carbon is costly [15] from the high temperatures involved.
To this end, low-cost, naturally occurring minerals such as kaolinite [16], zeolite [17] and
dolomite [18] have also been previously investigated for dye removal processes [19].

While mineral adsorbents can enhance the removal of pollutants, there are complexi-
ties regarding how they are added to the treatment process and combined with other unit
operations, in particular for this study, coagulation. For example, large granular media
may be incorporated as separate ion exchange units to treat post-coagulated effluent [7,20].
Such systems, however, are inefficient from a material perspective (due to the low surface
area to volume ratio) and require considerable plant alterations to retrofit. Additionally,
adsorption media may be added in reaction tanks and separated via methods, includ-
ing flotation [20–22] and membrane filtration [19,20]. Alternatively, a flexible approach
that may lead to a number of downstream benefits is to add fine adsorbents directly to
coagulation–flocculation operations [23], generating composite flocs that may be separated
using sedimentation [7,24,25] or intensified units such as centrifuges [26]. Such approaches
will inherently lead to an increase in the sludge mass that must be subsequently separated
from the liquid phase. Therefore, the adsorption, coagulation and settling processes must
be designed and controlled carefully, so that the permeability, density, compressibility and
settling rates of the sludge produced are consistent with low relative volumes [25,27–30].

Continuous stirred-tank reactors (CSTRs) are often used to provide agitation for the
coagulation and adsorption stages, due to their simplicity of design. However, they use
comparatively high amounts of energy to ensure sufficient dispersion within the tank
and require relatively large operational areas [31,32]. Therefore, there has been significant
interest in using process intensification to develop new technologies to improve mixing and
mass transfer kinetics within chemical reactors, as well as to reduce industrial footprints
and energy usage of processing operations [26,33,34]. For example, in-line mixing units
using static mixers or jets allow for both a smaller reactor area and a lower coagulant
dosage, due to their plug-flow nature [35,36]. Unfortunately, the mixing conditions are
complex to model and performance is dependent on the throughput of the unit [35]. Thus,
there has also been research into intensified plug-flow reactors where lateral shear and
mixing conditions can be altered independently of flowrates. Oscillatory baffle reactors
(OBRs) are perhaps the best-known examples of these [33,34], where an oscillatory pump
cycle in the range of a few hertz ensures mixing, and bulk throughput rates can be set with
a cycle bias. In contrast, this study investigates the use of a novel agitated tube reactor
(ATR) for intensified precipitation. The ATR uses a lateral shear generated by a free-floating,
mechanically driven agitator bar, which provides almost complete decoupling of the radial
mixing shear from reactor throughput [37,38]. Additionally, it is a modular design allowing
multiple tubes to be used either in parallel or series within a small operational footprint.
The ability of the ATR to act as a combined coagulation–adsorption unit is of interest, as it
would allow for efficiency and simplification of the process design, in addition to an easy
coupling with downstream intensified separation units.

In summary, the main objectives of this study were to firstly determine the perfor-
mance of a number of abundant and non-toxic mineral adsorbents for the removal of
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common dyes, in combination with hydroxide coagulation, as an inexpensive method to
improve treatment performance. Secondly, this study investigated the process intensifica-
tion of combined coagulation–adsorption operations using a plug-flow reactor. Specifically,
the kinetics and equilibrium dye removal rates for five mineral adsorbent materials (treated
bentonite, kaolin, talc, calcium carbonate and zeolite) were measured with an anionic azo
red dye. The capability of ferric hydroxide coagulant was then assessed as a secondary
coagulant, to improve the dye removal efficiency and to alter the physical separation of
the adsorbents, where composite settling rates and consolidated sludge volumes were also
measured, in bench-scale tests. Finally, the benchmarking of a commercial, pilot-scale ATR
was performed to understand its potential as a continuous, pseudo plug-flow coagulation–
adsorption unit. Here, the fastest settling coagulated system was selected as a “worst case
scenario”, in terms of maintaining adsorbent dispersion along the reactor length.

2. Materials and Methods
2.1. Materials

High-grade, non-toxic mineral samples of bentonite, kaolin, talc, clinoptilolite ze-
olite and calcium carbonate were provided by Imerys Talc Europe. The bentonite was
modified via exchange with a quaternary ammonium chloride cationic surfactant, to in-
crease its capacity for the adsorption of anionic molecules. Previous work by Zhang
et al. [39] has shown similar cationic surfactants can embed and expand the interlayer
structure of bentonite. The dye used was an anionic dye, Intrabond® liquid Scarlet D-BSC
(Yorkshire Group, Krefeld, Germany). It is a multiple azo bond-type direct dye with an-
ionic sulphate groups, and similar to the commonly used Fast Scarlet 4BS textile dye [4].

2.2. Batch Adsorption and Coagulation Studies

Mineral equilibrium and kinetic adsorption studies were performed using 1% w/w
aqueous dispersions of the chosen adsorption materials in 40 mL propylene centrifuge tubes,
mixed on a carousel mixer at 100 RPM. Kinetics modelling was performed with a pseudo-
second order reaction fit [40] (using MATLAB 2019b, MathWorks Ltd., Cambridge, UK).
Residual dye concentrations were measured at 15, 30, 60, 480, 720 and 1440 min for each
adsorbent studied.

Batch reactor tests were then performed using an initial concentration of 1% w/w
adsorbent material in 500 mL conical flasks. The kaolin and zeolite materials were not taken
forward for further testing, due to their low dye update in the kinetics tests (see Section 3,
and the Electronic Supplementary Materials (ESM) for details). Samples were allowed to
fully disperse into the solution before adding dye to produce an initial dye concentration
of 100 ppm at a mixed volume of 450 mL. The level of dye was chosen to represent a
high value for concentration ranges encountered with industrial dye effluents (generally,
10–50 ppm [41–43]). The dispersions were mixed using a magnetic stirrer bar at 300 RPM,
to ensure homogeneous mixing was maintained for 15 min.

Further studies were performed utilising iron (III) hydroxide as a coagulant to both en-
hance the dye removal and increase the adsorbent particle size, and, hence, the settling rate
of the final dispersions. For these tests, initial solutions of sodium hydroxide and iron (III)
chloride (with a total mixed volume of 50 mL) were added to produce an iron hydroxide
coagulant in the dispersion at a final mass concentration of 1% w/w (assuming complete
reaction). The relative levels of reagents were kept consistent with those reported for the
co-precipitation of nuclear effluents [44], although very similar coagulation-precipitation
reactions are used commonly in water treatment operations worldwide. For the coagu-
lation studies, the initial mixing time without coagulant was adjusted to 10 min, with an
additional 5 min mixing after adding the coagulant chemicals, so that the total mixing
time for both sets of experiments was 15 min. A 1% w/w excess of sodium hydroxide was
used to ensure complete reaction of the iron (III) chloride in the solution. The NaOH was
also added before the iron (III) chloride to help prevent an acid-carbonate reaction in the
calcium carbonate system. A representation of this procedure is shown in Figure 1.
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Figure 1. Schematic of the experimental method for combined adsorption and coagulation batch tests.

Residual dye concentration for all systems was measured using a Cary 60 UV–Vis
spectrometer (Agilent Technologies, Stockport, UK) at a wavelength of 420 nm, as cali-
bration measurements indicated this provided the best linear fit (R2 = 0.999) between the
absorbance and dye concentration in the wavelength spectrum measured (200–800 nm).
It gave accurate measurements for changes in dye concentration as low as 0.5 ppm. An
example calibration plot for a 420 nm wavelength is shown in the ESM, Figure S1. The
selected wavelength was adjusted to 519 nm (R2 = 0.996) with coagulated systems to
avoid erroneous results, as there was evidence of dissolved iron that caused peaks close to
the 420 nm wavelength. Before the UV–Vis measurements, samples were centrifuged at
12,000 RPM (RCF/g = ~16,100) using a Heraeus Megafuge16R (Thermo Fisher Scientific,
Cheshire, UK) for 5 min, and the supernatant filtered through 200 nm syringe filters to
ensure no suspended solids remained in solutions. All measurements were conducted
at pH 7 (+/− 0.1) and 20 ◦C (+/− 0.5 ◦C) and samples were completed in triplicate, to
ensure data consistency. The maximum measurement error was assessed by calculating
the standard deviation in concentration produced by varying the wavelength used in the
UV–Vis spectrometer calibration by 1 nm (around the central wavelength used) to account
for bracketing of wavelengths within the spectrometer.

Dispersed and coagulated adsorbent floc sizes, as well as that of the pure iron (III) hy-
droxide coagulant, were measured using a Mastersizer 2000 (Malvern Panalytical, Malvern,
UK). Distributions were averaged over 20 min for coagulated and dispersed adsorbent
samples, and over 10 min for pure iron hydroxide.

Floc settling rates were measured using a Turbiscan™ stability analyser (Formulaction,
Toulouse, France) as undiluted samples in 40 mm glass sample containers. Scanning reso-
lution to determine the interface height was fixed at 1 scan.min−1. The light transmission
level, as a function of the sample height over time, was used to find the settling rate.

Scanning electron microscopy and energy dispersive X-ray analysis was performed
in an EVO MA15 (Carl Zeiss). Stubs were firstly prepared using samples gently pipetted
from the sample container to minimise the shear on the flocs, dried for 12 h and placed
under vacuum to remove any trapped water.

2.3. Process Intensification in an ATR

A pilot-scale ATR was modified, utilising a Coflore® ATR (AM Technology, Cheshire, UK)
as a method for intensifying the process and reducing the overall plant footprint. It provides
strong radial mixing through a perforated metal tube that acts as an internal agitator with
minimal axial mixing, allowing for a pseudo plug-flow operation, as described in previous
publications [38,45]. A test section (~38 cm long cylinder with an internal volume of
150 mL) was utilised with inlet flow rates and concentrations adjusted to produce residence
times identical to those used in batch reactor studies. Direct performance comparisons (dye
adsorption capacity, coagulated particle settling rate and final bed volume) were performed
between the batch mixer and the ATR flow system.

For the ATR tests, an agitation frequency of 5 Hz was selected, as this has been shown
previously to provide ideal sinusoidal movement of the agitator bar to ensure the sediment
remains suspended along the length of the reactor [38]. A flow schematic and an image
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of the ATR during operation is shown in Figure 2a,b. The concentrated dye solution
was introduced through the wider main inlet, while mixed adsorbent dispersions were
introduced through a secondary inlet, to prevent the settling of the adsorbent within the
tubing during the pumping operation from the low flow rates used (~11 mL min−1). The
overall concentration of the adsorbent in the column was 1% w/w, while dye concentration
was again 100 ppm (when considering the mixing of both inlet streams together). Calcium
carbonate was selected as the adsorbent for the ATR, as it had the largest primary settling
rate after coagulation (see Section 3 for details). Therefore, it represented a “worst case
scenario” in terms of ensuring sediment suspension along the length of the test section.
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orientation and flow direction).

Sodium hydroxide and iron chloride were introduced via separate inlets approxi-
mately 2/3 down the length of the tube (equating to a column residence time period of
10 min). The sodium hydroxide was introduced first to avoid acid–carbonate reactions
(see Figure 2a). The composite dye-adsorbent coagulate mixture was then pumped to the
outlet of the column, with an equivalent further residence time of 5 min (see image, Figure 2b).

3. Results and Discussion
3.1. Performance of Adsorbents and Physical Characterisation of Composite Coagulate Flocs

Figure 3 shows the pseudo-second order kinetic fits for the anionic dye adsorption
process over 500 min with the modified bentonite, talc and calcium carbonate. Here, rate
constants of 0.1, 0.07 and 0.44 g/mg.min were found for each adsorbent, respectively. The
ESM presents the same data over the full 1500 min of testing, with time presented on a log
axis to better differentiate fits in the early time region, see Figure S2. Moreover, presented
within the ESM, Table S1, are standard deviations for each measurement as error bars were
too small to be visible on the plots shown in Figure 3. First order modelling fits were also
produced, but are not shown, as they gave lower values for the correlation coefficient,
similar to findings from previous authors [46]. The accuracy of these fits is somewhat
limited due to the rapid kinetics observed, although model correlation coefficients were all
greater than 0.98. Indeed, it is evident that adsorption values for all systems had almost
reached equilibrium within the first 15 min sample time. It was not possible, unfortunately,
to reduce the sampling further, because of the time required to centrifuge and separate the
supernatant (where the phases are still in contact). However, the results do demonstrate
that a 15 min adsorption time would be sufficient for batch reactor tests to achieve residual
dye concentration values close to equilibrium. A total of 15 min would also closely reflect a
typical hydraulic residence time for an industrial dye adsorption process [47].
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A final dye uptake from all these three materials in the carousel tests were in the range
of 80–90%, for an initial dye concentration 100 ppm. It would be considered, in general,
that interactions between the azo dye and the mineral adsorbents would be electrostatic in
nature, through the negative sulphate groups to positive mineral surface charges. Apart
from the azo groups, the dye contains a few double bonded oxygen and hydroxyl groups [4]
although neither would be expected to interact chemically with the mineral surfaces to a
significant extent. The high dye adsorption onto calcium carbonate, in particular, can be
purely attributed to electrostatic interactions, as calcite is known to have a positive surface
charge over a broad pH range [48]. For the bentonite, it is apparent that the surfactant
exchange successfully embedded cationic sites into the clay interlayer, again allowing dye
adsorption primarily through electrostatic attraction. Indeed, there are no other groups on
the surfactant chain tail that would lead to further extensive chemical interactions with
the dye (e.g., through hydrogen bonding). The relatively high adsorption onto talc is more
surprising (although, it performed the least efficiently of the three) as the overall zeta
potential of talc is assumed to be slightly negative [49–51]. However, the surface potential
in talc is complex, owing to the presence of both SiOH and MgOH groups on different
basel planes [50] where there can be a charge differential on each surface. Additionally, it is
known that divalent cations (which may be present as dye counterions, depending on the
manufacturing process) can depress the electrostatic charge of talc, or even lead to charge
reversal [50,51]. Such interactions have been shown to increase the adsorption of anionic
polyelectrolytes onto talc (e.g., carboxymethyl cellulose) where enhanced adsorption may
also occur in talc through hydrogen bonding with surface groups [51].

Kinetic results for the kaolin and zeolite samples are shown within the ESM in
Figure S3, where they achieved low relative performance (percentage dye uptake < 60% in
both cases). The likely reason for the low performance of the zeolite and kaolin is that both
are assumed to be highly negatively charged [22,40,52]. Thus, there would be significant
electrostatic repulsion to adsorption of an anionic dye. These two materials were, therefore,
not considered in further tests.

Figure 4 presents the equilibrium adsorption capacity and percentage dye removal for
the modified bentonite, talc and calcium carbonate, where samples were prepared in the
500 mL conical flasks and mixed at 300 RPM for 15 min.
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Figure 4. (a) Equilibrium adsorption capacity (qt) and (b) associated percent uptake of dye with non-coagulated modified
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Results indicate suitably high removal rates in the range of 8.9–9.6 mg g−1 (or ~88–96%)
typical of commercial resins used for dye removal [53] at similar concentrations. It is noted
that the percentage uptake for all species was slightly higher than observed in the carousel
tests (Figure 3) which is attributed to the greater level of dispersion mixing in the conical
flasks. Increased removal (19.7–19.8 mg g−1, correlating to 98–99% removal) was observed
for 200 ppm dye concentrations in all three materials. It is interesting that the percentage
removal was increased for the higher dye concentration, which would not be typical for
a small molecule or ion adsorption, due the greater competition for surface sites [40].
Nonetheless, similar enhancements in removal efficiency for higher solute concentrations
have been observed previously in studies on textile dye adsorption [54,55] and may be
attributed to a greater free energy change of adsorption, leading to a larger osmotic driving
force as concentration is increased.

With the performance of the pure adsorbents established, characterisation of their
physical properties after coagulation with iron hydroxide was performed. Particle size
distributions for each adsorbent studied before and after coagulation are given in Figure 5,
where also shown is the size of iron hydroxide flocs without the addition of any adsorbent
(in Figure 5a). In all cases, a considerable increase in size upon coagulation is observed,
which indicates a good association between the adsorption materials and the coagulant. It
would also suggest that the settling rate of the produced composite dispersions should be
increased in comparison to the pure materials, because of these larger sizes. Additionally,
the minerals should accelerate the sedimentation of the iron hydroxide as well, due to the
incorporation of the dense adsorbent into the porous structure of the hydroxide flocs.

Settling curves for the coagulated adsorbent systems, as well as pure iron hydroxide,
along with linear fits indicating the zonal settling rate change over time, are presented in
Figure 6 (multi-zonal linear fits for all systems are given within the ESM, Figure S4). The
highest primary settling rate observed was for the coagulated calcium carbonate system
(9.0 mm min−1) which also produced the lowest final bed height of all systems studied.
The coagulated talc and modified bentonite systems gave similar primary settling rates
(6.5 and 4.9 mm min−1, respectively) with the talc system also having a slightly lower
final bed height. All coagulated systems had significantly greater settling rates and bed
compression than the pure iron hydroxide, thus, demonstrating the performance enhancing
properties of the adsorbents, in terms of the physical separation behaviour of the sludge.
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Figure 5. Particle size distributions (PSDs) for (a) modified bentonite, (b) talc and (c) calcium carbonate before and after
coagulation with iron hydroxide. PSD for pure iron hydroxide flocs also shown in (a).

ChemEngineering 2021, 5, x FOR PEER REVIEW 8 of 17 
 

 
Figure 5. Particle size distributions (PSDs) for (a) modified bentonite, (b) talc and (c) calcium carbonate before and after 
coagulation with iron hydroxide. PSD for pure iron hydroxide flocs also shown in (a). 

Settling curves for the coagulated adsorbent systems, as well as pure iron hydroxide, 
along with linear fits indicating the zonal settling rate change over time, are presented in 
Figure 6 (multi-zonal linear fits for all systems are given within the ESM, Figure S4). The 
highest primary settling rate observed was for the coagulated calcium carbonate system 
(9.0 mm min−1) which also produced the lowest final bed height of all systems studied. 
The coagulated talc and modified bentonite systems gave similar primary settling rates 
(6.5 and 4.9 mm min−1, respectively) with the talc system also having a slightly lower final 
bed height. All coagulated systems had significantly greater settling rates and bed com-
pression than the pure iron hydroxide, thus, demonstrating the performance enhancing 
properties of the adsorbents, in terms of the physical separation behaviour of the sludge. 

 
Figure 6. Settling front height versus time for coagulated modified bentonite, talc and calcium car-
bonate, as well as pure iron hydroxide flocs (dotted black lines indicate fits to obtain settling rates). 

Figure 7 presents the primary settling rate of each adsorbent along with the calcu-
lated solids volume content of the settled bed. Despite the increase in total mass for the 
coagulated adsorbent systems (compared to pure iron hydroxide) a higher overall solids 
loading is achieved in the settled bed, in a much smaller time. Results, therefore, suggest 
that for an industrial process, considerable increases to throughput or smaller unit opera-
tions could be gained through the use of these adsorbents as weighter materials. Figure 8 
demonstrates the increase in solids weight fraction as a percentage in the settled bed ver-
sus that of the initial dispersion. Data were analysed in terms of percentage changes, due 
to the fact that the pure iron hydroxide flocs contained only a total of 1% w/w solids, while 
the combined composite coagulants contained 2% w/w total solids in the dispersions. 

0 500 1000 1500 2000
Time (s)

0

10

20

30

40

50

Se
ttl

in
g 

Fr
on

t H
ei

gh
t (

m
m

)

Iron (III) Hydroxide
Coagulated Bentonite
Coagulated Talc
Coagulated Calcium Carbonate

Figure 6. Settling front height versus time for coagulated modified bentonite, talc and calcium
carbonate, as well as pure iron hydroxide flocs (dotted black lines indicate fits to obtain settling rates).

Figure 7 presents the primary settling rate of each adsorbent along with the calculated
solids volume content of the settled bed. Despite the increase in total mass for the coagu-
lated adsorbent systems (compared to pure iron hydroxide) a higher overall solids loading
is achieved in the settled bed, in a much smaller time. Results, therefore, suggest that for an
industrial process, considerable increases to throughput or smaller unit operations could
be gained through the use of these adsorbents as weighter materials. Figure 8 demonstrates
the increase in solids weight fraction as a percentage in the settled bed versus that of the
initial dispersion. Data were analysed in terms of percentage changes, due to the fact that
the pure iron hydroxide flocs contained only a total of 1% w/w solids, while the combined
composite coagulants contained 2% w/w total solids in the dispersions.

Results for all the coagulated systems studied highlight that a considerably greater
density of consolidated bed was produced with the addition of these adsorbents, with
the calcium carbonate outperforming the other minerals by almost a factor of two. In
general, it is clear that the addition of these weighters would increase the performance of a
thickening system, by allowing for a greater compression of the bed, even when taking
into account the additional solids loading of the system. Such performance enhancements
to both the settling rate and bed compression would markedly reduce the requirement for
secondary polymer flocculation. It is also emphasised that all three mineral materials are
cost effective, non-toxic and readily available for industrial use, where they will have the
additional advantage of acting as dye adsorbents, as well as physical weighters.
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Figure 7. Primary floc settling rates (left-hand axis) and settled bed solids volume content (right-hand
axis) for coagulated modified bentonite, talc and calcium carbonate, as well as pure iron hydroxide flocs.
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Figure 8. Percentage increase in solids weight fraction from settled coagulated mineral systems,
based on consolidated bed density.

3.2. ATR Assessment and Overall Dye Removal Performance

Figure 9 displays images of the ATR taken during operation, as well as a close-up
of the outlet flow. While Figure 9a, taken after 20 min of operation, indicates a typical
plug-flow system with minimal axial mixing along the length of the reactor, after 90 min
of operation (Figure 9b) it became clear that there was some degree of back-mixing of the
iron hydroxide coagulant in the test section. The axial mixing observed was caused by
a combination of both the high agitation frequency used and the low overall flowrates
(11 mL min−1). If multiple agitated tube reactor sections were used in series with angled
inlets (which is facilitated by the inherent design of the Coflore® ATR) then a greater flow
rate could be used. A higher throughput would both reduce the observed axial mixing and
allow for a lower agitation frequency, as the additional flow rate would aid the sediment
suspension in the reactor. It should also be noted that if an equivalent reactor volume was
used while maintaining the same residence time (15 min), the production rate in the ATR
would be ~10% higher than for the batch reactor.
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inlets are to the right of each image). Moreover, shown is (c) outlet flow at 90 min.

In Figure 9c which shows the outlet tubing from the ATR, it can be observed that the
topside of the tube has a low colour or suspension density (this view is also given as an
annotated image in a larger format within the ESM, Figure S5, for clarity). This difference
indicates there is some degree of sludge segregation or settling already occurring within
the tube once the coagulant dispersion has entered more quiescent conditions. In-line
separation could, therefore, be completed between different stages and new feed introduced
to reduce the total amount of shear degradation of the coagulated adsorbent, allowing for
faster separation. Separation between stages would require more adsorbent material to be
used but may increase the overall plant capacity if settling/thickening operations act as a
rate limiting step. In-line separation between stages would also allow for the possibility of
recycling adsorbent material that has a low dye loading, to earlier stages. Such an operation
would enable the adjustment between plug-flow (no recycle) when reactor space is at a
premium, and mixed reactor behaviour for situations where the cost of adsorbent materials
is high and maximising total adsorption capacity is more cost efficient.

To compare the physical characteristics of the ATR flocs to the batch tests, presented in
Figure 10 are the settling and compression data obtained for the ATR samples (the settling
curve is given in the ESM, Figure S6, for completeness). It is noted that there is a reduction in
both the settling rate and bed solids volume fraction, compared to the batch reactor samples
for coagulated calcium carbonate. The reduction in settling rate and bed height is not
entirely unexpected, as the large degree of shear generated at the 5 Hz agitation frequency
in the ATR is likely to have caused additional breakup of the coagulated adsorbent, thus,
decreasing the settling rate of the suspension compared to that seen in the batch reactor tests.
In terms of the compression behaviour of the ATR samples, the increase in solids volume
content of the samples (Figure 10, right-hand axis) is similar to that of the batch reactor
iron hydroxide samples (189% for the ATR sample and 190% for the pure iron hydroxide).
Therefore, again there is some loss in the compressibility of the samples in relation to the
batch coagulated calcium carbonate. It may be that the final bed compression was not
fully achieved within the timescales of the settling experiments, due to the slower settling
nature of the coagulated floc. It may also indicate a change in the fractal nature of the
aggregates produced by the ATR, due to the plug-flow conditions, with potentially higher
levels of bound water. It is known that the coagulation–precipitation of iron hydroxide,
or more correctly, iron (oxy)hydroxide (FeOOH) is complex. Initially, largely amorphous
phases precipitate out as aggregated colloids (mainly consisting of ferrihydrite [56]) that
may crystalise into a number of secondary structures (such as α-FeOOH and β-FeOOH)
depending on reagent conditions and aging time [57–59]. Current work is assessing the
potential for the ATR to produce differences in the formed oxyhydroxides.
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Figure 10. Settling rate (left-hand axis) and increase in solids volume content (right-hand axis) for
coagulated calcium carbonate obtained from the ATR after 90 min of operation (using a 15 min
reactor residence time).

It is important to consider, however, that the ATR agitation frequency selected (5 Hz)
was set at a conservatively high value, to ensure there was no sediment clogging in the
reactor. Optimisation of the product (to increase the settling rate and compression) could
be easily achieved by adjusting the agitation down to a necessary minimum to ensure
good contact between the fluid and adsorbent with minimal sedimentation. Additionally,
it would also be possible, as discussed, to redesign the outlet of the reactor to act as an in
situ weir to facilitate separation at multiple stages, which would be possible due to the
modularity of the system.

In order to demonstrate the physical association between the iron hydroxide coagulant
and weighting adsorbent used, Figure 11 shows SEM-EDX images of each coagulated
material from batch reactors, as well as a sample taken from the ATR. While it is clear
that all adsorbent types make sufficient contact with the coagulant to produce larger
particles (as could be inferred from the size data in Figure 5) the calcium carbonate sample
had the most even elemental distribution in the iron hydroxide flocs, while the modified
bentonite sample presented as fairly heterogeneous. This difference is likely a result of
the larger particle size distribution of the bentonite, as compared with talc or the calcium
carbonate. These results may also explain the higher settling rates and greater bed densities
observed for the talc and calcium carbonate samples, as a more homogenous distribution
suggests that the adsorbent may have incorporated iron hydroxide colloidal fines that
would otherwise lead to a reduced settling rate. The relatively slower settling observed
with the coagulated bentonite may, therefore, be from poorly associated iron hydroxide,
decreasing the overall measured hindered settling rate. Additionally, SEM-EDX images
of the coagulated samples, obtained from the ATR, also indicate that the ATR provides
sufficient mixing to produce similar levels of distribution between the adsorbent and iron
hydroxide, when compared to the batch-coagulated calcium carbonate.

With the physical characterisation determined for the coagulated mineral adsorbents,
their additional ability to adsorb contaminant dyes was investigated. Figure 12 shows
the percentage dye removal in 100 and 200 ppm concentrations from batch tests, for the
three minerals with the addition of a coagulant, in comparison to pure iron hydroxide.
Moreover, given are results for the coagulated calcium carbonate from the ATR. For nearly
all composite coagulated systems, a minimum of 98% removal of the dye was observed.
The slightly lower removal percentage seen for the batch-coagulated calcium carbonate
system at 100 ppm (94%) can be attributed to a small degree of reaction between the
iron (III) chloride and calcium carbonate, which reduced the overall effectiveness of the
system, despite pre-mixing the sodium hydroxide in excess before the addition of the iron
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(III) chloride. Because iron (III) chloride is a Lewis acid [60] (due to hexaaqua production
of acid [61]) and calcium carbonate acts as base in aqueous solutions [62], an acid–base
reaction can occur resulting in the production of carbon dioxide [63] and calcium chloride.
Additionally, as calcium carbonate has a relatively higher solubility compared to the other
minerals used, its potential for reactivity is thought to slightly reduce the adsorption of
dye from the solution.
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It is noted that the pure iron hydroxide was also seen to remove a high percent-
age (~99%) of the dye. A previous study by Moghaddam et al. [8] indicated that either
charge neutralisation or entrapment of anionic dye molecules by iron hydroxides may
be attributed to its high removal capacity. While their study was limited to low pH val-
ues, (<5.5) the small excess of sodium hydroxide in this study (1%) would result in final
pH values of ~9–10, where iron hydroxide should have a slightly negative zeta poten-
tial [64], and, thus, be charge repulsive. Therefore, it appears that in the systems studied
here, entrapment of the dye molecules into the coagulated iron hydroxide was the primary
mechanism for dye removal. The presence of α-FeOOH, which has been found to be
formed in basic solutions of iron hydroxide formed from iron (III) chloride [58,59], may
also be contributing to the removal of the anionic dye. FeOOH-treated films have been
demonstrated by Liu et al. [9] to remove anionic Congo red dye at 144 mg g−1 (where the
theoretical maximum was determined to be 2000 mg g−1 from their mechanistic study) via
a chemisorption mechanism. As the flocs formed in this study will have a large surface
area because of their porosity, this may also cause the enhancement in adsorption capacity
evidenced here.

In general, the use of the composite coagulated mineral systems is seen to be highly
advantageous, as not only do they have the ability to remove additional dye, they also lead
to much enhanced separation behaviour, as examined in Section 3.1. In addition, due to
the low toxicity of the minerals used, encapsulation of the dye in this manner offers a
straightforward route to forward waste processing. While the dye itself does not easily
degrade [3], there is evidence that partial breakdown products, such as aromatic amines, can
leach into the environment from poorly bound textile and paper solids wastes [65] without
appropriate treatment. However, the composite sludges generated in this study, with the
dye held by both electrostatic adsorption and co-precipitation entrapment, would serve as
a significant barrier to secondary leaching. Such wastes would also be readily accepted
in sewage wastewater treatment plants, due to their chemical consistency [57,66], where
methods such as Fenton-like processes may further aid biodegradation [67]. Additionally,
these wastes are chemically very similar to mine drainage sludges [66], which have been
shown to be useful as feedstocks for iron oxide catalysts for enhanced dye removal [68].
The added volume consolidation evident with the mineral adsorbents would also allow
easier filtering for disposal as high solids content dried cake wastes [69], which would
similarly minimise the potential for chemical leaching.

It is lastly, and importantly, highlighted that the coagulated calcium carbonate from
the ATR removed >99% of 100 ppm dye solutions (Figure 12) which is comparatively
greater than the efficiency of the calcium carbonate from the batch reactor. The larger
degree of agitation present in the ATR may have reduced side reactions, by allowing for
a more effective dispersion of the coagulant streams. A reduction in the ratio of calcium
carbonate to sodium hydroxide would also reduce the rate of the acid-carbonate reaction,
as they are simply parallel reactions in competition. As this results in the production of
carbon dioxide gas [63], it would be prudent to include either a gas venting line on the
ATR or to angle the outlet so that any gas in the system can be removed. Alternatively,
the increase in dye removal may simply be due to the increase in mass transfer rates and
mixing efficiency, or smaller residence time distributions, from the plug-flow dynamics.
Indeed, previous modelling of the ATR has shown relatively high levels of viscous energy
dissipation [38] while it has also led to enhancements in mass transfer when used as an
intensified ion exchange column [45].

4. Conclusions

This study investigated the integrated use of various mineral adsorbents and iron
(oxy)hydroxide (‘FeOOH’) as composite coagulants to remove anionic azo red dye. Trials
were conducted in both batch reactors and an intensified continuous ATR. Three non-
coagulated minerals (talc, calcite and modified bentonite) were able to remove 90–95% of
dye at 100 and 200 ppm concentrations, where the kinetics were fitted to a pseudo second-
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order rate model, and observed adsorption was rapid (<30 min). Adsorption was mostly
attributed to electrostatic effects, although surface interactions were considered to be more
complex in the case of talc, with the potential for hydrogen bonding to occur. In secondary
coagulation testing, the particle size distributions of all composite mineral-FeOOH systems
were significantly larger than the bare minerals or FeOOH coagulant alone, leading to rapid
settling rates, especially in the case of calcium carbonate. Critically also, not only were
the settling rates enhanced, but solids consolidation was improved, showing up to a 450%
increase in the solids faction of the settled beds for the composite systems. SEM-EDX data
also provided additional evidence that the minerals were evenly dispersed throughout
the coagulated FeOOH matrix, especially in the case of calcium carbonate. Collectively,
results indicated that these minerals could be used as cost-effective dual-function weighter
materials, aiding both dye removal and physical separation of the sludge.

The benchmarking performed using the ATR indicated dye removal was slightly
enhanced with respect to that observed for the batch reactor tests using calcium carbonate,
where the performance was attributed to an increase in mass transfer efficiency from
the plug-flow design or reduction of side reactions. Nonetheless, the resulting settling
rate of the final product was lower than observed for the batch reactor with the same
material, which was attributed to the conservatively high agitation rate (5 Hz) used to
ensure sediment suspension. Using higher flow rates and optimising inlet pipe angles
could allow for lower agitation rates to be used to maintain suspension, while producing
larger floc sizes and settling rates. Additionally, there is a trade-off between required
residence times for complete precipitation against the degree of agitation and product
settling rate that warrants further investigation. Regardless of this compromise, the ATR
overall presents the opportunity to enhance operational efficiency and flexibility between
a plug-flow and mixed reactor system, while it can lead to an increased production rate
compared to an equivalent volume CSTR. It is also noted that as the device contains up to
10 tubes that can be run in parallel, the reactor could be scaled-up with a minimal footprint
increase in a modular fashion and, thus, it may offer significant advantages if used as a
mobile system for industrial effluent treatment or waste clean-up.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemengineering5030035/s1, Figure S1: (a) UV–Vis spectrum data (200–800 nm) for azo
dye at 1–100 ppm, with a (b) concentration calibration and (c) low-concentration region showing
the lower limit of detection. Figure S2: Kinetics of dye uptake with (a) modified bentonite, (b) talc
and (c) calcium carbonate using 100 ppm dye solutions over 1500 min on a logarithmic scale.
Figure S3: Kinetics results for dye uptake with (a) kaolin and (b) zeolite. Figure S4: Settling curves
for coagulated adsorbents; (a) modified bentonite, (b) talc and (c) calcium carbonate. Moreover,
shown is (d) iron hydroxide floc only. Figure S5: Annotated image of outlet flow from the agitated
tube reactor after 90 min of operation. Figure S6: Settling curve for coagulated calcium carbonate
samples obtained from the ATR after 90 min of operation (using a 15 min reactor residence time).
Table S1: Standard deviation in qt (mg g−1) for dye uptake kinetic data.
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